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ABSTRACT 


The  particle  flux  in  the  present  and  over  the  last  5,000  years  was 
investigated  in  the  BlacR  Sea  in  a  comparative  study  with  samples  from 
time-series  sediment  traps  and  laminated  core  sediments.  The  sediment 
trap  samples  were  collected  in  the  southwestern  Black  Sea  over  2  1/2 
years  at  sampling  intervals  of  about  two  weeks.  Sediment  core  samples 
were  derived  from  the  central  part  of  the  western  Black  Sea,  deposited 
throughout  the  last  5,000  years  during  which  the  Black  Sea  was  anoxic. 
Conclusions  from  this  study  shed  important  light  on  temporal  and 
regional  variability  of  the  particle  flux  in  the  Black  Sea,  dominant 
particle  sources,  and  particle  transport  mechanisms. 
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Dominant  particle  sources  are  biogenic  matter  (coccolithophorids  of 
the  species  Emiliania  huxleyi,  diatoms,  and  silicof lagellates )  and 
terrigenous  matter  from  the  Danube  and  nearby  local  rivers.  The 
relative  importance  in  the  supply  of  these  particles  varies  annually  and 
can  be  grouped  into  three  phases:  Phase  I  ( June-October ) 
coccol ithophorid  production,  Phase  II  (November-January )  -  resuspension 
of  coccoliths  and  terrigenous  matter,  and  Phase  III  (February-May )  - 
river  input  of  terrigenous  matter  and  production  of  diatoms  and 
silicof lagellates.  Once  removed  from  the  surface  water,  particles 
settle  rapidly  at  a  rate  of  115  ±70  m/day. 

Regionally,  the  particle  flux  varies  considerably.  Throughout  the 
last  1,000  years  (sediment  unit  I),  the  particle  flux  (paleoflux)  was 
more  than  5  times  larger  in  the  central  part  of  the  western  Black  Sea 
than  at  present  in  the  southwestern  Black  Sea,  mostly  because  of  the  11 
times  larger  supply  of  coccoliths.  The  coccoliths  were  probably  largely 
produced  on  or  adjacent  to  the  Danube  shelf  in  the  northwestern  Black 
Sea  and  subsequently  resuspended  and  transported  offshelf  by  the  fall 
storms.  Terrigenous  matter  in  the  central  part  of  the  western  Black  Sea 
is  higher  by  a  factor  of  3  compared  to  the  southwestern  Black  Sea.  The 
coccoliths  are  concentrated  in  the  white  laminae  ( > 9 3  %  CaC03>,  and 
if  the  seasonal  dynamics  in  the  particle  supply  at  the  sediment  trap 
site  is  taken  as  a  standard,  the  white  laminae  would  be  deposited 
between  about  June  and  January.  The  black  laminae  contain  largely 
terrigenous  matter  and  form  during  the  peak  river  discharge  period 
between  about  February  and  May. 

Compared  to  the  last  1,000  years  (unit  I),  the  particle  flux  in  the 
central  part  of  the  western  Black  Sea  between  1,000  and  5,000  years  B.P. 
was  smaller  by  a  factor  of  three,  because  the  salinity  was  still  too  low 
during  this  time  period  for  the  coccolithophorid  Emiliania  huxleyi  to 
exist.  The  Black  Sea  was  a  fresh  water  environment  before  more  than 
5,000  years  ago  and  gradually  became  brackish;  Emiliania  huxleyi  became 
established  after  the  salinity  exceeded  11  %0 . 

The  terrigenous  matter  supply  remained  about  constant  over  the  last 
5,000  years.  The  western  Black  Sea  is  dominated  by  terrigenous  input 
from  the  Danube  as  revealed  by  the  illite/montmorillonite  ratio. 
Seasonally,  the  terrigenous  matter  from  the  Danube  appears  to  be 
traceable  in  the  southwestern  Black  Sea,  as  seen  by  the  Ti/Al  and 
illite/montmorillonite  ratios  in  the  sediment  trap  samples. 
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INTRODUCTION 


The  Black  Sea,  Che  largest  existing  anoxic  environment  on  earth, 
provides  an  opportunity  to  understand  processes  related  to  generation 
and  sedimentation  of  particles  at  present  and  throughout  its  5,000  year 
long  history  of  anoxia.  Many  years  of  scientific  study  of  the  Black  Sea 
water  and  sediments  have  provided  a  large  set  of  data  and  hypotheses 
that  elucidate  the  recycling  and  deposition  of  materials.  However,  the 
important  link  between  particle  generation  and  burial  in  the  sediment 
still  remains  a  critical  part  in  our  understanding  of  the  sedimentation 
processes  in  the  Black  Sea  and  in  other  anoxic  ocean  environments. 

By  the  principle  of  uniform! tarianism,  the  Black  Sea  serves  as  the 
best  modern  analog  to  anoxic  oceans  in  the  past  history  of  the  earth 
(e.g.  Degens  and  Stoffers,  1976;  Berry  and  Wilde,  1978)  and  thus  sheds 
light  on  the  chemical  and  sedimentological  evolution  of  the  early 
atmosphere  and  oceans  (Holland,  1984).  The  Black  3ea  also  helps  us  to 
better  understand  the  processes  occurring  in  global  oceans  during  the 
"Oceanic  Anoxic  Events"  in  the  Late  Jurassic  and  Cretaceous  (Fischer  and 
Arthur,  1977;  Schlanger  and  Jenkyns,  1976;  Ryan  and  Cita,  1977;  Force, 
1984).  Widespread  anoxia  during  these  time  periods  was  explained  by  an 
expanded  oxygen-minimum  zone  which  led  to  extensive  deposition  of 
organic-rich  black  muds  on  continental  slopes  and  basin  floors.  These 
"Oceanic  Anoxic  Events"  are  of  great  economic  importance  since  they  are 
believed  to  have  generated  about  85  %  of  the  world's  known  oil  reserves 


(Tissot,  1979),  even  though  they  only  occurred  during  17  %  of 
Phanerozoic  time  (Demaison  and  Moore,  1980).  Sediments  deposited  under 
anoxic  conditions  are  often  characterized  by  fine  annual  laminations  and 
a  high  concentration  of  organic  matter  (Degens  and  Stoffers,  1976).  A 
completely  euxinic  benthic  environment  provides  perfect  preservation  of 
chronological  events  at  the  bottom,  and  a  comparative  study  of  flux 
material  is  important  in  understanding  the  mechanism  and  history  of  the 
genesis  of  particles  in  the  water  column. 


Brief  history  of  research  in  the  Black  Sea 

The  Black  Sea  is  characterized  by  unusual  chemical  and 
microbiological  properties  owing  to  its  stratified  anoxic  deep  waters. 
Scientific  exploration  of  the  Black  Sea  started  with  Russian  scientists 
as  early  as  one  hundred  years  ago  with  a  series  of  cruises  led  by 
Andrusov  (1890,  1893).  This  effort  was  followed  by  a  more  extensive  and 
interdisciplinary  expedition  by  Arkhangel ' skiy  and  Strakhov  in  the  late 
1920's  and  1930's  (Arkhangel ' skiy  and  Strakhov,  1932,  1938).  A 
compilation  of  notes  of  the  first  modern  geochemistry  study  was  made  by 
Strakhov  in  1954.  The  7-week-long  R/V  Atlantis  II  cruise  in  spring  of 
1969  was  a  landmark  in  modern  Black  Sea  oceanography  (Degens  and  Ross, 
eds.,  1974).  This  cruise  was  followed  by  a  shorter  R/V  Chain  cruise  in 
1975,  where  a  number  of  undisturbed,  laminated  cores  were  taken  with  a 
specially  engineered  gravity  corer  for  varve  chronological  studies 


(Degens  et  al.,  L980).  In  the  same  year,  the  Glomar  Challenger  Leg  42B 
also  made  an  important  contribution  to  further  understand  the  geological 
evolution  of  the  Black  Sea  in  relation  to  the  history  of  the 
Euro-Russian  Massif  (Ross  and  Neprochnov,  1978). 


Background 


The  Black  Sea  is  an  enclosed  basin  with  an  area  of  about  423,000 
km2  including  the  Sea  of  Azov  (38,000  km2);  its  volume  amounts  to 
534,000  km3.  Most  of  the  Black  Sea  is  over  two  kilometers  deep  (max. 
depths  2,206  m).  It  has  a  sill  depth  of  about  50  m  in  the  Bosporus, 
connecting  it  via  the  Dardanelles  to  the  Mediterranean.  The  vertical 
thermohaline  structure  of  the  Black  Sea  is  characterized  by  a  pronounced 
density  gradient  between  125  m  to  210  m  (Brewer  and  Spencer,  1974). 
This  gradient  is  caused  by  the  surface  inflow  of  freshwater  from  rivers 
and  rain  and  the  input  of  more  saline  Mediterranean  water.  Salinity  in 
the  deep  water  averages  22  %<,,  in  the  surface  water  18  %0 .  The 
surface  water  has  a  mean  summer  temperature  of  23  °C  and  a  winter 
temperature  of  7®C;  the  deep  water  has  a  temperature  of  8-9°C  all  year 
round  (Grasshoff,  1975).  A  thermocline  exists  at  10-15m  depth  in 
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summer. 

The  surface  water  circulation  in  the  Black  Sea  is  controlled  by  a 
large  cyclonic  gyre  which  possibly  converges  south  of  the  Crimean 
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Peninsula  (Neumann,  1942).  Smaller  eddies  and  countercurrents  may  form 
along  the  periphery,  as  documented  by  recent  CZCS  satellite  imagery 
(chapter  2).  The  current  velocity  of  the  extensive  surface  currents 
decreases  significantly  with  depth.  Nevertheless,  even  at  great  depth 
the  current  velocity  can  be  considerable.  Current  meter  measurements 
reveal  that  velocities  can  be  as  high  as  10-15  m/sec  at  700  m  depth 
(Filippov,  1968).  Bottom  currents  are  generally  absent  as  shown  by 

bottom  photographs  of  a  benthic  transition  zone  ("fluff"  layer)  above 

the  sediment  surface  (Vine,  1974;  Barnard  and  Fanning,  1976).  This 

sediment  fluff  layer  has  an  extremely  low  density  and  varies  in 
thickness  between  2  and  20  cm  at  the  different  sites  (Barnard  and 

Fanning,  1976). 

The  western  Black  Sea  is  dominated  by  a  wide  shelf  of  the  Danube 
fan.  The  southern  part  of  the  western  Black  Sea  and  the  entire  eastern 
Black  Sea  are  lined  with  an  extremely  narrow  shelf  of  typically  much 
less  than  15km.  The  shelf  break  to  the  continental  slope  occurs  at  a 
depth  of  about  100  m.  Presently,  the  Black  Sea  is  a  giant  catch  basin 
for  river  discharge  of  half  of  Europe  and  part  of  Asia.  About  55  %  of 
the  suspended  sediment  load  to  the  Black  Sea  comes  from  the  Danube 
drainage  system  (western  Black  Sea),  29  %  from  the  Caucasian  rivers 
(eastern  Black  Sea),  10  %  from  the  Anatolian  rivers,  and  only  6  %  from 
all  of  the  remaining  Russian  and  Bulgarian  rivers  (Shimkus  and  Trimonis, 
1974). 


The  seasonal  phytoplankton  dynamics  in  the  Black  Sea  is  typical  for 
a  temperate  marine  basin.  It  is  characterized  by  relatively  high 
primary  productivity,  specifically  in  the  region  near  tY  ?  Danube  delta 
(Finenko,  1967).  Spatial  variations  in  primary  productions  are  caused 
by  regional  variability  in  nutrient  supply.  Nutrients  are  supplied  most 
abundantly  in  areas  around  the  mouths  of  the  rivers  and  in  areas  of 
upwelling,  i.e.  in  peripheral  parts  of  the  Black  Sea  and  the  convergence 
zone  of  the  large  gyre.  There  are  two  main  maxima  in  primary 
production:  a  larger  one  in  early  spring  from  February  to  April,  and  one 
in  late  summer  from  August  to  September  (Pyzik,  1968).  A  large  amount 
of  data  on  the  biomass/biocoenosis  of  planktonic  flora  in  the  Black  Sea 
has  been  accumulated  by  many  Russian  colleagues  in  the  past. 
Nevertheless,  as  stated  only  recently  by  Sorokin  (1982),  one  of  the 
leading  Russian  authorities  on  the  biology  of  the  Black  Sea,  "reliable 
data  on  the  annual  primary  production  of  this  basin  are  still  lacking 
because  existing  sampling  has  missed  the  main  seasonal  maximum  of 
phytoplankton  growth,  late  spring-early  summmer"  (p.  269).  Sorokin 
(1982)  further  explains  that  this  fact  is  "possibly  the  result  of  the 
preference  by  planktonologists  of  taking  samples  largely  during  the  good 
weather  season"  (p.  269),  i.e.  summer/fall. 

Abundant  data  also  exist  about  various  lithogenic,  biogenic,  and 
chemogenic  components  in  the  Black  Sea  sediments.  An  extensive  study  of 
the  mineralogy  and  petrology  of  the  Black  Sea  sediments  was  carried  out 
by  Muller  and  Stoffers  (1974)  and  Trimonis  (1974).  Schrader  (1978)  and 
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Jouse  and  Mukhina  (1978)  accomplished  a  comprehensive  explanation  of  the 
thanatocoenosis  of  diatoms  and  silicof lagellates  throughout  the  Late 
Neogene  and  Quaternary  history  of  the  Black  Sea.  Bukry  et  al.  (1970) 
first  recognized  that  the  white  laminae  in  the  sediments  were  composed 
almost  exclusively  of  coccoliths  of  the  species  Emiliania  huxleyi.  The 
geochemical  distributions  of  major  elements  and  trace  metals  in 
sediments  were  analyzed  in  great  detail  by  Hirst  (1974)  and  Volkov  and 
Fomina  (1974). 

It  is  clear,  as  all  the  studies  from  the  last  few  decades  indicate, 
that  the  mid-water  oxic/anoxic  interface  in  the  Black  Sea  water  column 
became  firmly  established  in  the  Holocene,  and  that  it  has  been  rising 
ever  since  (Deuser,  1974).  A  recent  varve  count  on  laminated  basinal 
cores  established  an  age  of  5,100  years  as  the  first  arrival  of  euxinic 
sediments  (Degens  et  al .  ,  1978).  By  only  about  2,800  B.P.,  the 
oxic/anoxic  interface  had  risen  to  470  m.  At  present,  the  well-mixed, 
oxygenated  surface  water  extends  to  a  depth  of  about  160  m.  The  water 
column  beneath  the  interface  is  completely  anaerobic  to  the  basin  floor 
with  HzS-concentrations  of  about  400  pgat/1  (Brewer  and  Spencer, 
1974).  At  present,  the  Black  Sea  represents  the  largest  and  probably 
the  best  self-contained  anaerobic  environment  on  earth. 


Thesis  research  objective 

Out  of  the  massive  set  of  data  gathered  over  the  past  100  years  on 
particle  generation  and  deposition  of  materials  in  the  Black  Sea,  one 
critical  area  of  knowledge  is  totally  lacking,  namely  the  spatial  and 
temporal  variability  in  the  particulate  flux  in  the  present  and  past. 
High-resolution  variability  in  particulate  flux  has  been  studied  in 
recent  years  most  successfully  using  sediment  traps  (e.g.  Honjo,  1982, 
Honjo  et  al.,  1982a;  Honjo  et  al.,  1982b;  Honjo,  1984;  Knauer  et  al., 
1979;  Dymond  et  al.,  1981;  Gardner  et  al.,  1983).  Annual  phytoplankton 
variability  in  recent  laminated  sediments  was  studied  for  example  by 
Baumgartner  et  al.  (1985). 

The  prime  objective  of  my  thesis  research  was  to  couple  the  annual 
material  fluxes  in  the  southwestern  Black  Sea  (time-series  sediment 
traps;  joint  program  between  the  Dokuzeylul  Universitesi ,  Izmir,  Turkey, 
the  Universitat  Hamburg,  F.R.  Germany,  and  the  Woods  Hole  Oceanographic 
Institution)  with  its  undisturbed  varved  sediments  (cores).  The  focus 
of  this  comparison  between  core  and  trap  data  was  to  closely  investigate 
temporal  variability  of  the  particle  flux  (seasonally  and  over  the  last 
5,000  years),  as  well  as  particle  sources  and  transport  mechanisms  in 
the  western  Black  Sea.  The  thesis  consists  of  three  chapters,  each  of 
which  addressing  one  important  aspect  in  particle  supply  and  dynamics  in 
the  Black  Sea.  The  content  and  specific  focus  of  these  chapters  are  as 


follows : 
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Figure  1:  Location  map  of  all  the  sites  for  all  the  samples  used  in  this 


study,  including  the  sediment  trap  sites  BS  and  BSC  (Izdar  et 


al.,  1984;  Kempe,  1985;  Honjo  et  al.,  1987a;  Honjo  et  al.. 


1987b)  as  well  as  the  sites  of  the  laminated  cores  5,  18,  and 


35,  collected  during  R/V  CHAIN  cruise  #  120-1  in  1975  (Degens 


et  al. ,  1980). 
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Chapter  1  is  a  summary  of  the  present-day  particle  flux  and  the 
major  flux  components  in  the  southwestern  Black  Sea  (station  BS,  Fig.  1) 
over  the  2  1/2  year  sampling  period  (1982-1985).  Additional  time-series 
data  of  wind  stress  near  station  BS  and  discharge  of  local  Western 
Anatolian  rivers,  as  well  as  satellite  imagery  were  used  for  the 
analysis  of  the  particle  flux  record.  The  interpretation  of  the  results 
focused  on  seasonal  variability  in  primary  production,  input  of 
terrigenous  particles  by  rivers,  and  resuspension  of  particles  from  the 
shelf . 

Chapter  2  is  an  extension  of  the  study  on  particle  flux  throughout 
the  last  5,000  years  of  deposition  (paleoflux)  by  investigating  the 
laminated  sediment  record  in  detail.  This  study  is  based  on  three 
laminated  cores  from  the  western  Black  Sea,  which  were  collected  in  1975 
by  the  R/V  CHAIN  (Degens  et  al.,  1980;  Fig.  1).  Particle  flux  at  the 
time  of  deposition  in  the  water  column  was  recalculated  from  the 
paleoflux,  and  was  then  compared  to  the  present-day  particle  flux  in  the 
southwestern  Black  Sea  at  station  BS.  Specifically,  the  focus  of  this 
chapter  was  to  (1)  to  analyze  the  long-term  variability  of  paleoflux 
over  the  last  5,000  years  in  the  western  Black  Sea,  (2)  to  analyze  the 
regional  variability  of  particle  flux  between  the  western  Black  Sea 
(cores)  and  the  southwestern  Black  Sea  (traps),  and  (3)  to  link  the 
seasonal  variability  of  the  present-day  particle  flux  to  the  season  of 
deposition  of  individual  black  and  white  laminae. 
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Chapter  3  is  an  analysis  of  the  seasonal  variability  of  the  Ti  and 
A1  flux  as  well  as  illite  and  montmorillonite  flux  in  order  to  further 
investigate  the  seasonal  variability  in  the  terrigenous  particle  supply 
of  rivers  surrounding  the  western  Black  Sea.  The  Danube  is  the  largest 
supplier  of  terrigenous  matter  to  the  Black  Sea  and  therefore  plays  a 
vital  role  in  the  particle  flux  in  the  western  Black  Sea.  Ti/Al  and 
illite/montmorillonite  ratios  were  used  to  determine  the  relative  input 
of  terrigenous  matter  derived  from  the  Danube  versus  the  Western 
Anatolian  rivers  in  the  particle  flux  of  the  southwestern  Black  Sea. 

Linking  present-day  particle  flux  with  paleoflux,  and  linking 
seasonality  in  particle  flux  of  traps  with  black  and  white  laminae  in 
cores,  documents  on  one  hand  similarities  in  the  processes  of  particle 
generation  and  transport  mechanism  in  the  western  Black  Sea,  but  on  the 
other  hand  shows  considerable  differences  in  the  relative  importance  of 
the  individual  processes  in  different  regions  of  the  Black  Sea.  This 
study  further  helps  to  unravel  complexities  in  detailed  sedimentation 
processes  in  anoxic  paleooceans,  such  as  those  existing  in  the 
Cretaceous  and  the  Precambrian.  In  addition,  it  offers  a  conceptual 
framework  for  the  broad  research  effort  of  the  refined  understanding  of 
the  spatial  and  temporal  variability  in  the  particle  flux  of  the  present 
and  past  in  the  entire  Black  Sea;  this  effort  will  be  carried  out  in 
1988  as  part  of  the  R/V  KNORR  cruise  to  the  Black  Sea. 


SUMMARY 


Particle  fluxes  were  measured  continuously  for  two  and  a  half  years 
at  approximately  two-week  intervals  at  a  Black  Sea  station  40  km  from 
shore  by  two  sediment  traps  moored  250  m  and  1,200  m  below  the  surface. 

Three  factors  controll  quality  and  the  quantity  of  particle  flux  at 
this  station:  1)  photosynthetic  production  of  mineralized  particles,  2) 
detrital  input  from  Anatolian  rivers,  and  3)  shelf  sediments  which  were 
resuspended  and  transported  offshore.  The  major  component  of  the 
biogenic  flux  was  coccoliths  which  were  formed  and  settled  during  June 
to  October.  Characteristics  of  particles  settled  during  this  stage  were 
similar  to  those  of  light-colored  laminae  in  varved  bottom  sediments. 
Lithogenic  particles  settled  in  winter  by  river  transport  and 
storm-induced  resuspension  of  shelf  sediments.  Dark  laminae,  rich  in 
clay,  appeared  to  be  formed  thus  during  winter.  The  sinking  speed  of 
particles  during  winter  were  estimated  at  about  125  (+  60)  meters  per 
day,  from  observing  the  off-set  of  arrival  times  between  traps.  During 
summer  the  settling  rate  of  particles  was  slower  than  in  winter. 

On  an  annual  basis,  the  particle  flux  can  be  grouped  into  three 
distinct  time  periods:  Phase  I  (June-  October),  characterized  by  a 
coccolithophorid  bloom;  Phase  II  (November  to  January),  characterized  by 
storm  resuspension  of  mostly  coccoliths  from  the  shelf;  and  Phase  III 
(February-May) ,  characterized  by  river  input  of  clays  and  a  bloom  of 
silicious  organisms  (diatoms  and  silicof lagellates ) . 


1.1.  INTRODUCTION 


The  Black  Sea  represents  the  largest  and  most  complete  anoxic 
environment  on  earth.  Nearly  isolated  from  the  influence  of  the  world 
ocean,  the  Black  Sea  is  nevertheless  large  enough  to  be  controlled  by 
many  of  the  same  laws  of  oceanography  that  govern  the  major  oceans. 
Meanwhile,  the  Black  Sea  environment  is  most  clearly  characterized  by 
the  stratification  of  oxic  and  anoxic  layers  covering  its  entire  area. 
The  Black  Sea  is  further  unusual  in  having  very  narrow  shelves  along 
more  than  half  of  its  margin,  allowing  for  detrital  sediment  to  be 
transported  rapidly  offshore.  The  Danube  plays  a  major  role  in 
transporting  detritus  to  the  Black  Sea,  forming  a  huge  shallow  delta 
which  occupies  a  significant  part  of  its  northwestern  corner. 

Because  of  absence  of  bioturbation ,  delicate  laminae  of  sediment 
are  generally  well  preserved  in  the  abyssal  bottom  sediment,  as  a  result 
of  the  establishment  of  anoxic  conditions  in  the  water  column  5,000 
years  ago  (Degens  at  al.,  1980).  Each  black  and  white  laminae  pair  is 
presumed  to  represent  an  annual  sedimentation  cycle  (see  section 
2.3.3).  Indeed,  the  Black  Sea  is  one  oi  the  rare  environments  where 
flux  and  sediment  can  be  coupled  in  a  direct  sense:  the  non-bioturbated 
sediments  allow  reconstruction  of  past  oceanographic  processes  with  the 
possible  precision  of  annual  events.  An  understanding  of  the 
geobiochemical  and  sedimentological  processes  in  modern  anoxic 
environments  is  thus  crucial  for  detailed  paleoceanography . 
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Laminae  of  different  colors  were  observed  in  the  three  most  recent 
sedimentary  units  of  the  Black  Sea  (e.g.  Ross  and  Degens,  19  7-4).  Murray 
(1900)  first  ascribed  the  white  "amorphous"  carbonate  phases  to 

inorganic  precipitation.  His  conclusion  was  consistent  with  the 
observation  by  Androsov  (1890)  who  found  only  few  microscopic  planktonic 
organisms  in  the  fine  carbonate  muds.  Not  until  electron  microscopic 
studies  of  sediments,  were  the  white  bands  recognized  as  almost 

exclusively  composed  of  a  single  species  of  coccoliths  (Bukry  et  al., 
1970).  Uncertainty  remained,  however,  regarding  the  nature  of  the  black 
laminae.  Dickman  and  Artuz  (1978)  suggested  oxygen- induced  seasonal 
mass  mortality  of  photosynthetic  bacteria  and  their  subsequent 
sedimentation  as  one  possible  cause.  In  opposition  to  their  idea, 

Degens  and  Stoffers  (1980)  argued  that  the  supply  of  photosynthetic 
bacteria  is  constant  whereas  the  black  laminae  represent  seasonal 

events.  This  hypothesis  was  supported  by  Caraco  and  Honjo  (1987)  who 

found  no  detectable  photosynthetic  sulfur  bacteria  pigment  in  the 
material  collected  by  sediment  traps.  These  authors  proposed  instead 

that  dark  bands  may  form  by  absorption  of  dissolved  iron,  concentrated 
just  below  the  Qz/HzS-interface ,  onto  sinking  particles  during 
winter  storms.  In  order  to  fully  understand  the  origins  and  sedimentary 
mechanisms  of  white  and  black  laminae,  we  need  to  examine  in  detail 
settling  particles  prior  to  their  arrival  at  the  bottom.  The 

seasonality  and  time-stratigraphic  relationship  of  particles  can  be 
resolved  by  examination  of  settling  particles  which  are  sampled  in 


sequence  throughout  the  seasons. 


The  annual  sequence  of  particle  fluxes  in  the  Black  Sea  was 
measured  for  the  first  time  in  a  joint  project  between  the  Universitat 
Hamburg,  F.R.  Germany,  the  Dokuzeyl'ul  Univers  i  tes  i ,  Izmir,  Turkey,  and 
the  Woods  Hole  Oceanographic  Institution  (Izdar  et  al.,  1984;  Degens  et 
al.,  1984;  Kempe,  1985;  Honjo  et  al.,  1987a,  Honjo  et  al.,  1987b). 
Using  automated,  moored  sediment  traps  (Honjo  and  Doherty,  1987),  the 
vertical  flux  at  a  southern  Black  Sea  station  (Fig.  2)  was  collected  at 
250  m  and  1,200  m  continuously  at  approximately  2-week  intervals  for  a 
period  of  2  1/2  years  (Table  1).  Also,  on-board  the  R/V  Piri  Reis, 
studies  of  the  water  column  chemistry,  suspended  particles,  and  plankton 
succession  were  conducted  twice  a  year  in  April  and  October  of  1983, 
1984,  and  in  April  only  of  1985  (Degens  et  al.,  1984). 

The  main  objective  of  this  chapter  is:  (1)  to  examine  the  annual 
variability  of  the  particle  flux  and  its  major  components  in  the 
Southern  Black  Sea  and  (2)  to  identify  the  dominant  mechanisms  and 
processes  which  affect  the  supply  of  biogenic  and  lithogenic  particles 
to  the  Black  Sea.  These  results  are  significant  in  two  ways.  First, 
they  enhance  our  understanding  of  major  annual  processes  involved  that 
link  sediment  supply  (river  detrital  input  and  primary  production)  with 
sediment  dispersal  mechanisms  in  near-shore  marine  environments. 
Second,  these  results  contribute  significantly  to  the  study  of  ancient 
sediments  in  anoxic  environments  for  the  reconstruction  of  seasonal  and 


Figure  2:  Detailed  location  map  of  the  sediment  trap  mooring  site  BS  in 
the  Black  Sea  with  bathymetric  data.  The  mooring  array  was 
deployed  continuously  at  this  site  from  September  1982  to 
April  1985.  The  shortest  distance  to  shore  is  approxima*  ly 
40km.  Note  the  narrow  shelf  and  the  steep  continental  slope 
near  the  trap  site. 
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Figure  3:  Schematic  diagram  of  the  sediment  trap  mooring  array  used  in 
the  deployment  of  two  MARK  V  sediment  traps  at  250  m  and  1,200 
m  on  the  abyssal  plain  in  the  Black  Sea  at  station  BS  (Honjo 
et  al . ,  1987a ) . 


BLACK  SEA  MOORING  SYSTEM 


15  GLASS  BALLS 

20m  NYLON 
3m  CHAIN 

STAINLESS  STEEL  BRIDLES 
MARK  VI  SEDIMENT  TRAP 
GALVANIZED  BRIDLES 
3m  CHAIN 

902m  MACWHYTE  WIRE 

10  GLASS  BALLS  ON  CHAIN 

20m  NYLON 
3m  CHAIN 

STAINLESS  STEEL  BRIDLES 
MARK  V  SEDIMENT  TRAP 
GALVANIZED  BRIDLES 
3m  CHAIN 

990m  MACWHYTE  WIRE 
3m  CHAIN 

BENTHOS  RELEASE  W.  BENTHOS  LINK 
5m  CHAIN 
16m  NYLON 
5m  CHAIN 

1100  Kg  ANCHOR  WEIGHT 


Table  1:  Summary  of  deployment  schedules  of  sediment  trap  mooring  array 
at  station  BS,  deployed  by  R/V  Koca  Piri  Reis  of  the  Lokuzeyliil 
Universitesi  of  Izmir,  Turkey,  water  depth,  trap  location  in 
the  water  column,  and  quality  of  the  samples  for  all  sediment 
trap  deployments  during  the  PARFLUX  project  in  the  Black  Sea. 
This  project  was  carried  out  jointly  by  the  Dokuzeyliil 
Universitesi,  Izmir,  the  Universitat  Hamburg,  F.R.  Germany,  and 
the  Woods  Hole  Oceanographic  Institution  (Izdar  et  al.,  1984; 
Degens  et  al.,  1984;  Kempe,  1985;  Honjo  et  al.,  1987a;  Honjo  et 
al.,  1987b). 


BSl 

BS2 

BS3 

BS4 

BS5 

Location: 

Lat. 

Long. 

42*  9.5'N 

32*  31.7’E 

42*  11 . 54  *N 
32*  31.77‘E 

42*  11 . 9 'N 
32*  38. 2’ E 

42*  11.9'N 
32°  36.8 'E 

42°  15.3'N 
32°  37.8’E 

Deployment 

time: 

From 

To 

0ct/28/82 

May/01/83 

May/ 18/83 
0ct/01/83 

0ct/15/83 

Apr/15/84 

Apr/19/84 

0ct/04/84 

0ct/08/84 

Apr/06/85 

Trap  model 
250m 
1,200m 

• 

• 

MARX 

V  (12  cup 

rotating  sampling  device) 

Sampling 
interval 
(days ) 

15 

11.33 

15.33 

14 

15 

Trap  depths  (m): 

250m 

1,200m  1195 

307 

1249 

240 

1158 

1133 

278 

Anchor  depths  (m): 

2,232 

2,175 

2,189 

2,180 

2,232 

Sample 

fixation: 

- 

- 

- 

- 

Formaldehyde 

k.  a 


longer-term  sedimentation  patterns  in  respective  paleooceans. 

1.2.  METHODS 

1.2. L.  Particle  flux 

The  sediment  trap  mooring  array  was  deployed  between  October  28, 
1982  and  April  6,  1985  at  station  BS  (42°  9.5'N,  32°  31.7'E)  with 
the  R/V  K.  PIRI  REIS  of  the  Dokuzeyliil  Universitesi  (Fig.  3;  Table  1). 
Station  BS  was  located  about  40  km  north  of  Amasra,  on  the  southern 
Black  Sea  coast.  The  location  of  the  trap  mooring  array  changed  by  only 
about  half  a  kilometer  during  the  entire  five  series  of  deployments. 

The  coastal  topography  in  the  Amasra  area  is  mainly  formed  by 
east-west  striking  strike-slip  faults.  Thus  the  shoreline  is  bordered 
by  rugged  cliffs  and  a  narrow  marine  shelf.  The  continental  slope  near 
Amasra  is  particularly  steep.  Between  100  m  and  2,000  m  the  average 
slope  angle  is  about  6®  (Ross  et  al.,  1974).  The  transition  between  the 
continental  slope  and  the  relatively  flat  Euxine  Abyssal  Plain  (depth: 
about  2,200  m)  is  abrupt  (Fig.  2).  The  sediment  traps  were  moored  15  km 
from  the  base  of  the  continental  slope  at  a  water  depth  of  approximately 
2,200  m  (Table  1). 

Station  BS  was  relatively  close  to  the  Anatolian  shoreline  and  near 


the  flank  of  a  steep  slope.  Therefore,  detrital  sedimentation  at  this 
station  was  different  from  that  in  the  far  off-shore  central  plain. 
However,  the  water  column  chemistry  at  this  station  was  identical  to 

that  observed  at  a  number  of  stations  in  the  central  area,  described  by 

Brewer  and  Spencer  (1974).  The  depth  of  the  anaerobic  interface  was 
approximately  175  meters  and  stratification  was  stable  during  the 

bi-annual  geochemical  profiles  of  the  water  column  made  in  May  and 
October,  1982  to  1985  (Table  1;  Degens  et  al.,  1984;  Kempe,  1985). 

Mooring  array  and  samples  were  recovered  every  six  months,  and  an 
array  was  redeployed  a  few  days  after  recovery,  immediately  after 
econditioning  (Hon  jo  et  al .  ,  1987a).  Two  time-series  sediment  traps, 

of  the  type  Mark  5  (Honjo  and  Doherty,  1987)  each  with  a  1.2  m" 
opening,  were  moored  in  a  vertical  array  at  about  250  m  and  1,200  m  (see 
Table  1  for  precise  deployment  depths).  Sampling  intervals  varied 
between  11.33  and  15.33  days  (Table  1).  Sampling  intervals  in  the  250  m 
and  1,200  m  traps  were  identical  and  opening/closing  times  were 

synchronized  between  the  two  depths. 

Time-series  samples  were  collected  from  May  18,  1983  to  April  15, 

1984  and  from  October  8,  1984  to  April  6,  1985  in  the  250  m  trap,  and 

from  October  28,  1982  to  October  4,  1984  in  the  1,200  m  trap  (Table  1). 

Samples  were  unpoisoned  except  for  samples  in  the  250  m  trap  from 

October  8,  1984  to  April  6,  1985,  which  were  poisoned  with  5  % 

formaldehyde  (Honjo  et  al.,  1987a).  High  pH  values  of  the  three  samples 
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between  March  12,  1982  and  May  1,  1982  (deployment  BS1,  #10-12)  indicate 
that  the  water  in  the  sampling  cups  was  exchanged  with  surface  water 
(Ittekkot  et  al.,  1989);  results  from  these  three  samples  should  be  used 
with  caution. 

Each  sample  in  its  container  was  sealed  under  nitrogen  atmosphere 
and  refrigerated  immediately  upon  recovery  on  board  ship.  Upon  arrival 
in  the  shore  laboratory,  samples  were  first  sieved  through  a  Nylon  mesh 
with  1  mm  openings  (Fig.  9).  Material  which  passed  through  the  mesh  was 
then  split  into  9  equal  aliquots  using  a  precision  wet  splitter  (Honjo, 
1980). 

One  1/16  aliquot  of  the  <1  mm  fraction  was  filtered  with  a 
preweighed  0.95  urn  Nuclepore<R)  filter  and  rinsed  with  distilled  water 
three  times.  After  drying  for  29  hours  at  50°C  the  dry  weight  was 
determined  from  which  the  total  flux  for  the  <1  mm  fraction  could  be 
calculated.  For  determination  of  total  flux  and  major  flux  components 
(described  below)  for  the  >1  mm  fraction,  the  same  respective  procedures 
were  carried  out  as  for  the  <  1  mm  fraction.  To  determine  carbonate 
flux,  the  dried  sample  was  immersed  in  10  %  acetic  acid  and 
ul trasonical ly  dispersed.  After  29  hours  the  sample  was  filtered, 
rinsed  with  distilled  water,  dried,  and  reweighed.  The  carbonate  flux 
was  computed  from  the  weight  loss.  The  organic  carbon  flux  was 
determined  by  analyzing  about  5  mg  of  the  decalcified  sample  with  a 
Hewlett-Packard ( R *  CHN  Analyzer. 
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The  biogenic  silica  flax  was  obtained  from  about  5  mg  of 

decalcified  sample  material  using  a  method  modified  after  Eggiman  et  al. 
(1980)  and  Strickland  and  Parsons  (1968).  Eggiman  et  al.  (1980)  found 
that  sediments  with  a  biogenic  silica/clay  ratio  larger  than  1.0  can  be 
analyzed  by  a  single  leach  with  2M  Na2C03  solution  without 

correction  for  silica  that  also  had  been  leached  from  clays. 
Determination  of  reactive  silicate  depends  on  the  production  of  a 

s i 1 icomo lybdate  complex  forming  between  silica,  leached  by  Na2C03 
into  solution,  and  ammonium-molybdate  which  was  added  subsequently.  A 
reducing  solution  containing  metol  and  oxalic  acid  was  then  added,  which 
reduced  the  silicomolybdate  complex  to  give  a  blue  reduction  compound 
(Strickland  and  Parsons,  1968).  The  absorbance  of  this  compound  was 
measured  with  a  spectrophotometer  to  yield  a  ppm  value  of  biogenic 

silica  in  the  sample,  from  which  the  biogenic  silica  flux  subsequently 
was  computed. 

The  lithogenic  flux  was  determined  indirectly.  About  5  mg  of 

decalcified  sample  was  combusted  at  500°C  in  a  muffle  furnace  to  remove 
organic  material.  From  the  weight  of  the  remaining  material  (ash)  the 
noncombustible  flux  was  determined.  The  lithogenic  flux  was  then 

computed  by  subtracting  the  biogenic  silica  flux  from  the  noncombustible 
flux,  under  the  assumption  that  the  noncombustible  flux  was  a  sum  of 
biogenic  silica  and  terrigenous  detritus  (clay,  quartz,  and  feldspar 
with  minor  igneous  components). 


1.2.2.  Wind  stress 


Wind  stress  was  calculated  after  Amorocho  and  DeVries  (1980,  1981) 
from  three  daily  measurements  of  wind  speed  and  direction  10  m  above  sea 
level  at  Amasra,  Turkey,  41°45’N,  32°23'E.  Continuous  data  were 
available  from  April  1982  to  March  1985. 

As  a  first  order  approximation  of  the  forces  excerted  onto  the 
water  surface,  the  wind  stress  is  derived  from  the  wind  speed  vectors. 
It  is  commonly  expressed  by 

0o  =  Cdp,U2 


where  0O  is  the  wind  stress,  U  the  surface  wind  velocity,  generally 
measured  at  10  m  above  the  ocean  surface,  p*  the  mass  density  of 
air,  and  Cd  the  dimensionless  drag  coefficient. 

The  drag  coefficient  Cd  is  a  function  of  parameters  (such  as 
Reynolds,  Froude,  and  Richardson  numbers)  that  involve  the  wind  velocity 
U  at  10  m  elevation,  the  vertical  stability  of  the  atmospheric  boundary 
layer,  and  the  aerodynamic  roughness  of  the  surface  over  which  the  wind 
is  blowing  (Sethuraman  and  Raynor,  1975).  The  parameters  may  further  be 
influenced  to  some  extent  by  wave  height,  wind  fetch,  and  water  depth 


(Wilson,  1960).  One  of  the  most  recent  summaries  of  data  from  a  variety 
of  sources  was  presented  by  Amorocho  and  DeVries  (1980,  1981),  who 

concluded  that  Ca  stays  constant  for  low  wind  speeds,  at  which  waves 
don't  break.  After  the  onset  of  breakers,  to  the  condition  of  full 
breaker  (at  7  <  L';o  <  20  m/sec),  Cd  increases  nonli  nearly  with  U. 

For  winds  that  are  stronger  than  necessary  for  full  breaker  development, 
Ca  varies  again  linearly  with  U.  Amorocho  and  DeVries  (1981) 
summarized  their  findings  in  the  equation 


U i o  -  12.5 

Cc  =  (0.00121  ±  0.00029)  [1  +  exp  ( - )  ]  ' 1  +  0.00104 

1.36 

which  was  used  for  the  subsequent  wind  stress  results.  Raw  wind  speed 
data  (U  .and)  were  corrected  in  order  to  compensate  for  the  lower 
coastal  wind  speeds  over  land  then  over  water  using  the  relationship 
developed  by  Hsu  (1981): 

0sea  =  3(Ufand) 


1.2.3.  River  discharge 


River  discharge  data  from  October  1979  to 
Kocacay  and  the  Sakarya  Nehri  were  obtained 
Institute  of  Turkey,  Ankara  (unpubl.  data). 


September  1982  for  the 
from  the  Hydrographic 
These  data  represent 


monthly  averages  of  daily  measurements.  Continuous  meteorological  data 


from  April  1982  to  March  1985  also  were  made  available  by  the 

Hydrographic  Institute  of  Turkey,  Ankara  (unpubl.  data). 

1.3.  RESULTS 

1.3.1.  Seasonality  and  cyclicity  of  sedimentary  components 

Three  distinct  phases  can  be  distinguished  in  the  annual  regime  of 
particle  fluxes  in  the  Black  Sea  (Fig.  5).  The  phases  were  determined 
from  time-series  data  of  particle  flux  composition,  wind  stress,  and 

river  input;  conclusions  about  temporal  variability,  particle  sources, 
and  transport  mechanisms  dca*m  from  these  data  were  characteristically 
different  for  each  phase.  The  phases  prevail  from  June  to  October 
(Phase  I),  November  to  January  (Phase  II),  and  February  to  May  (Phase 
III),  with  a  variation  of  a  few  weeks  on  either  side.  These  phases  are 
repeated  annually  despite  variations  in  the  absolute  flux.  For  reasons 
of  simplicity  the  analytical  results  will  be  discussed  in  this  study 
with  respect  to  these  three  phases. 

During  the  two  and  a  half  year  time  deployment,  the  particle  flux 
in  the  Black  Sea  varied  significantly  within  each  phase,  in  the  230  m  as 
well  as  in  the  1,200  m  deep  trap.  Typically,  the  total  flux  was  larger 
in  the  1,200  m  trap  than  in  the  250  m  trap,  with  the  exception  of  Phase 
II  between  1983  and  1984.  The  largest  flux  occurred  during  this  phase 


between  N'ov  1A  and  30,  1983  with  A85  mg  nT  ‘  day 

Considerable  differences  in  total  flux  exist  between  250  m  and 
1,200  m  traps  for  any  given  individual  sampling  inter\al.  The  largest 
difference  occurs  in  spring  (Phase  III).  In  Phases  I  and  II  the 
difference  between  the  two  traps  is  more  consistent.  Differences 
between  the  two  traps  indicate  the  significance  of  lateral  transport  and 
patchiness.  Nevertheless,  the  relative  composition  of  the  major 
chemical  and  biological  components  within  each  sample  cup  was  similar. 
Therefore,  the  flux  of  the  major  particulate  components  from  both  traps 
will  be  discussed  simultaneously  below. 

The  carbonate  flux  clearly  was  largest  in  Phase  II,  with  an  average 
contribution  to  the  total  flux  of  37  %  in  the  250  m  trap  and  A 7  %  in  the 
1,200  m  trap.  Contribution  of  carbonate  was  relatively  small  in  Phases 
I  (23  %  in  both  traps)  and  III  (21  %  and  16  %  in  the  250  m  and  1,200  m 
traps,  respectively).  On  the  other  hand,  the  flux  of  biogenic  silica 
was  largest  in  Phase  III,  reaching  21  %  of  the  total  flux  in  the  1,200  m 
trap.  In  Phase  III  in  1983  this  peak  in  the  1,200  m  trap  extended  into 
the  subsequent  Phase  I,  1983.  In  the  250  m  trap  the  maximum  content  of 
biogenic  silica  during  Phase  III  was  not  nearly  as  high:  only  5.8  %, 
which  may  have  been  caused  by  more  intense  dissolution  in  the  250  m  trap 
due  to  higher  undersaturation  of  silica  at  the  shallower  water  depth. 
In  Phases  I  and  II  the  silica  concentration  in  both  traps  was  around  3 
and  5  %.  The  organic  carbon  flux  was  largest  in  Phase  I,  reaching 


v./y.< 


2  /day 


values  of  over  40  mg  m’  ‘  day"1,  and  significantly  lower  values  of 
only  up  to  Lb  mg  m~2  day  ‘  in  Phases  II  and  III  (with  the  exception 
of  sample  3S1,  #1,  1,200  m  trap).  The  organic  carbon  flux  was  about  20 
%  of  the  total  flux  for  Phase  I  in  both  traps  and  between  5  %  and  8  % 
for  Phases  II  and  III. 


The  lithogenic 

flux 

was  largest  in  Phases  II 

and 

III, 

reaching  up 

to  346  mg  m‘‘  day" 

in 

the  250  m  trap. 

Periods 

of 

high 

1  i thogenic 

flux  typically  occurred 

as  sharp  isolated 

peaks . 

The 

most 

pronounced 

peak  was  observed  in  the  250  m  trap  in  the  period  between  November  14 
and  30,  1983.  Throughout  Phase  I,  the  lithogenic  flux  was  comparatively 
small;  it  was  less  than  50  mg  m‘z  day’1  except  for  the  peak  between 
August  16  and  28,  1983,  when  the  flux  reached  160  mg  m’2  day"1. 

% 

1.3.2.  River  discharge 

The  solid  discharge  from  rivers  of  the  Turkish  coast,  which 

contribute  an  annual  total  liquid  discharge  of  25  km3  into  the  Black 
Sea,  was  estimated  by  Bol'shakov  (1970)  as  17  x  106  tons.  Given  the 
cyclonic  surface  water  circulation  in  the  Black  Sea  (Neumann,  1942), 

rivers  flowing  into  the  Black  Sea  from  west  of  Amasra  were  suspected  of 
supplying  detritus  to  the  BS  mooring  site.  Relevant  rivers  are  the 

Sakarya  Nehri,  Filyos,  and  the  Kocacay  (Fig.  2).  Average  annual  river 

discharge  of  the  Sakarya  Nehri  between  October  1979  and  September  1982 
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was  7.17  km3  (drainage  area:  55,322  km2),  and  0.90  km3  for  the 
Kocacay  (drainage  area:  1,342  km2)  (Hydrographic  Institute  of  Turkey, 
Ankara,  unpubl.  data).  No  information  was  available  at  present  for  the 
Filyos;  its  present  annual  discharge  is  estimated  with  4-6  km3.  Given 
a  similar  topography  of  the  drainage  area  of  these  rivers  and  assuming  a 
similar  precipitation  pattern,  my  estimates  of  the  annual  solid  sediment 
loads  of  the  Sakarya  Nehri  and  the  Kocacay  are  about  5  x  106  tons  and 
0.6  x  10s  tons,  respectively,  as  extrapolated  from  total  solid  and 
liquid  loads  for  the  Anatolian  rivers  by  Shimkus  and  Trimonis  (1974). 

River  discharge  in  both  rivers  increased  in  December  and  decreased 
rapidly  in  April  to  lower  summer  and  fall  discharge  (Fig.  6a). 
Discharge  peaks  of  the  Sakarya  Nehri  were  broader  and  offset  by  a  few 
weeks  from  the  Kocacay  because  of  its  larger  drainage  area  and  thus 
longer  transport  time  of  the  water.  The  months  of  higher  discharge  in 
summer  in  the  Kocacay  in  July  1981  and  August  1982  were  reflected  in  the 
Sakarya  Nehri  with  discharge  peaks  in  August  1981  and  September  1982, 
respectively.  The  Filyos  can  be  expected  to  have  the  same  discharge 
pattern  as  those  rivers  since  its  drainage  area  is  also  in  the  northern 
Anatolian  mountains  and  is  located  between  drainage  areas  of  the  Kocacay 
and  Sakarya  Nehri.  Average  monthly  water  discharge  of  the  Sakarya  Nehri 
increased  from  0.42  km3  in  Phase  I,  to  0.66  km3  in  Phase  II,  and 
0.90  km3  in  Phase  III  (Fig.  6a;  Table  2).  Average  monthly  water 
discharge  of  the  Kocacay  increased  from  0.027  km3  in  Phase  I,  to  0.125 
km3  in  Phase  II,  and  0.123  km3  in  Phase  III.  The  anr  al 


109m3/month)  Sakarya  N.  (*  10®  m3/month) 


Kocacay  (*  10®  m3/month) 


Table  2  (a)  Mean  values  for  the  COrg/(CaC03+Sib 1 o9 )  ratio,  the 
distribution  of  biogenic  silica  versus  carbonate,  and  the 
distribution  of  lithogenics  and  non-lithogenics  for  the 
three  phases  a%'eraged  for  the  entire  2  1/2  year-long 

deployment . 

(b)  Mean  values  of  river  discharge  for  the  northern  Anatolian 
rivers  Sakarya  Nehri  and  Kocacay  (Fig.  1).  Mean  values  are 
calculated  from  monthly  river  discharge  between  October  1979 
to  September  1982  (Hydrographic  Institute  of  Turkey,  Ankara, 
unpubl.  data). 
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TRAPS 

PHASES 

I 

250  m 

II 

III 
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1,200 

II 

m 

III 

Co  r  q / ( C&C0  3  +Sib  1  og  ) 

0.76 

0.19 

0.15 

0.73 

0.18 

0.37 

XCarbonate  in  (CaCO  j+Sib  i  o  <j ) 

89.06 

89.60 

87.45 

81.00 

93.24 

UU .  20 

%Lith.  in  (lith.+  nonlith.) 

27.0 

43.5 

59.0 

27.  4 

31.2 

49.0 

(b) 

PHASES  I  II  III 


Sakarya  Nehri 
Kocacay 


0.42  0.66  0.90 

0.027  0.125  0.123 


distribution  of  high  discharge  was  bimodal  in  both  rivers. 

Comparison  between  daily  precipitation  measurements  at  the  weather 
station  in  Amasra  (Hydrographic  Institute  of  Turkey,  Ankara,  unpubl. 
data)  and  the  river  discharge  pattern  (Fig.  6a)  indicated  that  the  peak 
in  January  was  a  result  of  high  precipitation  whereas  the  peak  in  March 
appear  to  be  caused  by  melt  water  from  the  Anatolian  mountains.  A  third 
small  peak  was  observed  in  1982  in  August  which  correlated  with  high 
rainfall  during  this  time.  During  summer,  rainfall  was  generally  small 
except  for  the  time  period  between  the  end  of  July  and  the  middle  of 
August,  1983,  where  the  high  rainfall  possibly  resulted  in  relatively 
large  lithogenic  flux  between  August  16  and  28  that  year,  specifically, 
in  the  1,200  m  trap.  In  1984  no  summer  rainfall  peaks  which  were 
equivalent  to  the  1983  peaks  were  recorded.  At  the  same  time  the 
lithogenic  flux  was  comparatively  small  during  this  time  period. 

A  considerable  fraction  of  particulate  river  input  appears  to 
settle  on  the  shelf.  Particle  deposition  over  the  shelf  is  illustrated 
by  higher  spectral  reflectance  of  the  sediment  plumes  close  to  the 
mouths  of  the  rivers  Filyos  and  Kocacay  as  seen  on  the  LANDSAT  image 
from  April  27,  1984  (Fig.  7).  The  plume  of  the  Filyos  extends  offshelf 
for  about  40  km  before  it  disappears  from  the  surface. 
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Figure  7:  Section  of  LANDSAT  5  image,  Band  2,  from  April  27,  1984, 
showing  the  plume  of  suspended  particles  at  the  mouths  of  the 
rivers  Filyos  (large)  and  Kocacay  (small)  relative  to  the 
trap  station  BS.  The  plume  of  the  Filyos  extends  about  40km 
into  the  Black  Sea.  Higher  spectral  reflectance  of  the 
plumes  nearshore  indicates  rapid  settling  of  suspended 

material  upon  entry  into  the  Black  Sea. 


8:  Wind  stress  (3-day  average)  calculated  from  wind  speed  and 

wind  direction  at  the  weather  station  Amasra,  Turkey,  at  10  m 
above  sea  level.  Results  are  based  on  three  measurements  per 
day  (Hydrographic  Institute  of  Turkey,  Ankara,  unpubl.  data). 
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L .  3  .  3 .  Wind  Stress 

The  wind  speed  in  Amasra  varies  seasonally  and  annually  (Fig.  8). 
Wind  speeds  were  consistently  highest  from  November  to  April  within  the 
three  year  data  record.  Mean  daily  wind  stress  calculated  from  the  wind 
speed  for  Phase  I  was  0.38,  for  Phase  II  0.97,  and  for  Phase  III  0.85 
dyne  cm"'.  The  annual  daily  average  based  on  a  three  year  record  was 
0.77  dyne  cm"2.  The  wind  stress  varied  between  the  individual  phases 
for  the  different  years  1982  to  1983  by  ±7  %  for  Phase  I,  ±38  %  for 
Phase  II,  and  ±88  %  for  Phase  HI,  indicating  that  Phase  I  is  a 
relatively  quiet  season  with  weak  winds,  Phase  II  a  season  with  strong 
winds,  and  Phase  III  a  season  with  also  rather  strong  winds  but  more 
short-lived.  Throughout  the  year,  winds  are  predominantly  easterly  and 
southerly. 
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1.4.  INTERACTION  BETWEEN  LITHQGENIC  AND  BIOGENIC  PARTICLES 

1.4.1.  Sinking  speed  of  particles 

The  sinking  speed  of  the  particles  in  the  water  column  between  the 
250  m  and  the  1,200  m  trap  varies  with  season.  Sinking  speed  can  be 
estimated  from  the  offset  in  the  C0 r9/(CaC03+Sib i o9 )  ratio  for  the 
two  traps  for  the  year  of  coordinated  sample  collection  in  the  time 
period  between  1983  and  1984  (see  section  1.4.2.  for  an  explanation  of 


this  ratio.)  An  offset  can  also  be  seen  in  the  organic  carbon  t  lux 


during  this  time  period;  however,  the  ratio  is  preferable  since  it 
eliminates  the  effect  of  patchiness.  Cross-correlation  of  the 


C  o  r  q 

/ ( CaCO i+Sibio,) 

ratios 

of  the 

250  and 

1,200  m 

traps  showed 

that 

the  offset  in 

Phase  I 

in  1983 

of  one  to 

two  sampl 

ing  intervals 

(i.e 

.  11.3  -  22.7 

days ) , 

indicated 

a  speed 

of  around 

63  £22  m/day 

during  the  summer  and  the  months  of  September  and  October  (Figs.  9a  L 
10),  the  time  period  of  high  biological  production  and  quiet  seas.  The 
offset  in  winter  and  spring  (Phases  II  and  III)  between  1983  and  1989, 
in  the  lithogenic/non-1 ithogenic  distribution  of  zero  to  one  sampling 
interval  (i.e.  0  -  15.3  days),  indicated  a  settling  speed  of  around  125 
*60  m/day  (Fig.  9c).  The  higher  sinking  speed  in  the  winter  and 
spring  may  be  related  to  the  lower  organic  carbon  content  in  the 
particle  flux  during  these  seasons  which  could  reduce  settling  due  to 
its  lower  specific  gravity.  Organic  carbon  flux  represents  on  average 
about  20  %  of  the  total  flux  in  Phase  I  and  about  6  %  in  Phases  II  & 
III. 

1.9.2.  Direct  settling  versus  resuspension  of  particles 

A  considerable  amount  of  material  that  reaches  the  basin  floor  is 
initially  produced  over  shelves  and  later  resuspended  by  storms  and 
transported  offshelf.  Rodolfo  et  al.  (1971)  showed  that  the 
concentration  of  suspended  particles  on  the  Atlantic  shelf  near  North 
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Figure  9:  Ratios  and  percent  distributions  of  major  components  of  the 
particle  flux. 

(a)  Organic  carbon/carbonate  plus  biogenic  silicate  ratio  of 
particulate  flux  at  250  m  and  1,200  m.  The  numerator 
reflects  the  organic  carbon  derived  from  primary  production. 
The  denominator  reflects  predominantly  the  mineralized 
skeletal  components  of  biogenic  particles  derived  from 
coccolithophorids ,  diatoms,  and  s i 1 icof lagel lates . 

(b)  Percent  distribution  of  the  carbonate  and  biogenic  silica 
fluxes  within  the  total  particle  flux  at  250  m  and  1,200  m. 

(c)  Percent  distribution  of  lithogenic  and  non-1 i thogenic 
flux  of  the  total  particle  flux  at  250  m  and  1,200  m. 
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Figure  10:  Cross-correlation  between  the  organic  carbon/carbonate  plus 
biogenic  silicate  ratio  of  the  250  m  and  1,200  m  trap  for 
Phase  I  in  1983.  One  lag  offset  corresponds  to  one  sampling 
interval,  which  is  11.3  days.  The  cross-correlation 
coefficient  was  highest  at  lag  1  (i.e.  11.3  days):  0.68. 
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'drolina  increased  by  more  than  a  factor  of  two  over  pre-storm  values  by 
the  passage  'f  a  hurricane.  Concentrations  returned  to  pre-storm  value 
within  a  wee*.  In  a  detailed  study  of  the  Yellow  Sea  between  China  and 
Korea,  .'.ells  et  al.  (1983)  documented  that  monsoon  winds  in  winter  are 
the  primary  driving  mechanism  for  sediment  accumulation  and  regional 
sediment  iispersal. 

In  the  Black  Sea,  biogenic  particles  produced  over  the  aerobic 
shelf  are  degraded  more  than  biogenic  particles  that  settle  immediately 
into  the  anoxic  surface  water.  This  characteristic  can  be  utilized  to 
separate  the  time  period  of  the  actual  summer  bloom  in  the  surface  water 
from  the  time  period  of  resuspension  of  photosynthetical ly  produced, 
mineralized  tissue  material  by  calculating  the  ratio  between  the  organic 
portion  of  the  primary  produced  particles  and  the  skeletal  portion  of 
these  particles  (C0 r 9/ (CaC03+Sib 1 o 9 .  ratio)  (Fig.  9a). 

While  the  organic  fraction  of  the  primary  produced  particles  is 
best  represented  by  the  organic  carbon  flux,  the  skeletal  portion  of 
these  particles  is  best  represented  by  adding  the  biogenic  silica  and 
the  carbonate  flux.  SEM  analysis  of  the  sediment  trap  samples  showed 
that  the  dominant  marine  organisms  that  contribute  to  the  particle  flux 
are  diatoms,  s i  1  icof lagel lates ,  and  coccol i thophor ids .  The  contribution 
of  carbon  from  bacteria  and  dinof lagellates  is  considered 
insignificant.  Selected  bacteria  counts  in  the  sediment  trap  material 


1 


of  the  250  m  trap  revealed  that  the  estimated  contribution  of  bacterial 


biomass  to  the  particulate  organic  carbon  content  contributes  less  than 
4  %  (Nicholson,  1986,  pers.  comm.).  The  qualitative  study  ot 
dinof lagel lates  indicated  a  contribution  to  the  biomass  of  less  than  3  % 
(Jacobsen,  1986,  pers.  comm.). 

In  the  numerator,  the  value  for  the  organic  carbon  flux  represents 
carbon  derived  mostly  from  originally  primary-produced  material. 
Shimkus  and  Trimonis  (1974)  calculated  that  less  than  one  tenth  of  the 
total  particulate  organic  matter  is  brought  in  by  rivers.  Based  on  the 
analysis  of  one  sample  of  suspended  sediment  from  the  mouth  of  the 
Kocacay,  the  contribution  of  terrestrial  organic  carbon  to  the  total 
annual  organic  carbon  flux  measured  in  the  traps  represented  about  4  %, 
assuming  that  the  ratio  of  lithogenics  to  terrestrial  organic  carbon  in 
the  river  sample  remained  the  same  during  the  transport  to  the  basin 
floor  of  the  Black  Sea. 

In  the  denominator,  the  value  for  the  biogenic  silica  flux 
represents  essentially  diatom  frustules  and  silicof lagellate  skeletons. 
The  majority  of  the  carbonate  flux  was  contributed  by  Jmi 1 iania 
huxleyi ■  The  estimated  contribution  of  terrigenous  carbonate  to  the 
trap  site  area  was  6.5  %  of  the  total  carbonate  flux. 

Thus  the  Corg/(CaC03+Sib  i  oa .  )  ratio  is  essentially  a  ratio 
between  the  remaining  organic  fraction  of  the  primary-produced  material 
(numerator)  and  the  corresponding  skeletal  fraction  (denominator).  In 


Phase  I,  the  ratio  showed  a  distinct  peak  in  1983  and  1984  (Fig.  9a). 
In  Phase  II  and  III  the  ratio  was  considerably  lower  in  all  years,  with 
the  exception  of  Phase  III  in  1983.  However,  at  the  same  time  the  wind 
stress  during  this  phase  in  1983  was  relatively  low  (Fig.  8),  the 
lithogenic  and  carbonate  content  was  relatively  small,  and  the  biogenic 
silica  content  was  relatively  high.  These  data  suggests  that  the 
relatively  higher  CQ r g/ (CaCO 3 +Sib i o g . )  ratio  in  Phase  III  in  1983 
was  caused  by  a  smaller  input  of  calcareous  particles  from  the  river  and 
the  aerobic  shelf  due  to  lower  wind  stress;  during  the  period  after  the 
spring  bloom  of  siliceous  phytoplankton  the  flux  of  biogenic  particles 
that  settled  directly  into  the  deeper  water  was  higher  than  in  other 
periods . 

A  large  difference  in  the  Corg/(CaC03+Sib 1 og  .  )  ratio  could 
have  resulted  from  different  particles  produced  by  different 
phytoplankton  groups.  However,  as  shown  by  the  distribution  between 
carbonate  and  biogenic  silica  (Fig.  9b),  the  carbonate  contribution  was 
large  both  in  Phases  I  and  II  in  both  traps  (Table  2).  High  carbonate 
content  indicated  that  at  least  for  Phases  I  and  II  there  were  no 
distinct  differences  in  phytoplankton  assemblage  with  potentially 
different  organic  tissue/shell  ratios. 

These  results  suggest  that  in  the  Black  Sea  the 
Co r ,/ (CaCO 3+Sib 1 07 )  ratio  can  be  used  to  distinguish  between  the 
biogenic  matter  that  directly  settles  into  the  anoxic  deeper  water  and 


material  that  first  settled  onto  the  shelf  and  is  resuspended  and 
transported  offshelf  at  a  later  time.  The  particle  composition  during 
Phase  I  is  made  up  of  a  considerably  higher  proportion  of  the  biogenic 
matter  that  settled  directly  into  the  anoxic  deeper  water  after  the 
coccol ithophorid  bloom  in  the  summer.  With  the  onset  of  the  winter 
storms  in  Phase  II,  a  large  amount  of  biogenic  particles,  mostly 
Emiliania  huxleyi,  is  resuspended  from  the  shelf.  In  Phase  III,  the 
biogenic  particles  were  still  derived  from  resuspension  as  indicated  by 
the  low  Co r q! (CaCOs+Sib t og )  ratio. 

I.A.3.  Lithogenic  particle  supply 

The  significance  of  input  of  terrestrial  detritus  in  relation  to 
biogenic  particulate  material  can  be  assessed  by  calculating  the  percent 
distribution  of  the  lithogenic  flux  with  the  non-lithogenic  flux.  In 
this  study  the  non-lithogenic  flux  is  defined  as  the  difference  between 
the  total  flux  and  the  lithogenic  flux  (Fig.  9c).  The  non-lithogenic 
flux  represented  predominantly  materials  from  primary  production  in  the 
surface  water. 

Terrestrial  detritus  also  includes  some  river-transported  organic 
detritus  and  terrigenous  carbonates,  which  reduce  the  division  of  this 
ratio  between  biogenic  matter  and  river-transported  material  somewhat, 
though  not  significantly.  The  concentration  of  organic  matter  in  the 


Koeacay  in  October  1984  was  I. I  %.  The  carbonate  content  of  the 
detritus  in  the  Sakarya  N'ehri  was  measured  as  13  X  (Muller  and  Stoffers, 
1974),  and  in  the  Kocacay  as  14.7  X  (October  1984).  Trimonis  (1974) 
estimated  the  carbonate  contribution  from  river  input  m  the  Black  Sea 
sediments  as  3  X.  The  contribution  of  detrital  carbonate  in  the  total 
carbonate  flux  can  be  estimated  by  using  a  terrigenous  carbonate 
concentration  of  13  X,  which  translates  into  a  ratio  between  detrital 
carbonate  and  lithogenic  non-carbonate  particles  of  1:3.67.  By  applying 
this  ratio  to  the  average  annual  lithogenic  component  in  the  flux  of  the 
two  traps  (37  X),  under  the  assumption  that  the  ratio  remained  the  same, 
the  detrital  :arbonate  concentration  was  estimated  to  be  7  %  of  the 
total  flux. 

The  distribution  of  the  lithogenic  versus  non-lithogenic  flux  in 
the  sediment  traps  therefore  approximates  the  distribution  of  the 
terrigenous  particle  flux  in  comparison  to  the  biogenic  flux  in  the 
Black  Sea.  The  distribution  of  the  lithogenic  flux  with  the 
non-lithogenic  flux  showed  the  following  trend  (Fig.  9c;  Table  2):  The 
largest  contribution  of  lithogenic  particles  to  the  total  flux  was  found 
in  Phase  III.  Mean  values  of  the  lithogenic  flux  were  lower  for  Phase 
II  and,  especially,  for  Phase  I.  The  single  highest  value  was  in  the 
250  m  trap  during  Phase  II  (Nov.  14-30,  1983)  which  contained  71  % 
lithogenic  particles.  The  distribution  for  the  250  m  and  1,200  m  traps 
corresponded  comparatively  well  in  total  concentrations  (specifically 
during  Phase  III  in  1984),  with  second  order  peaks  offset  either  not  at 


all  or  by  one  sampling  interval.  A  prominent  peak  in  Phase  I  in  August 
1983  is  related  to  the  intense  rainfall  in  Amasra  during  the  previous 
sampling  period.  The  means  of  the  lithogenic  flux  for  the  230  m  and 
1,200  m  traps  during  deployments  BS2  and  BS3  (Table  1)  were  36  %  and  AO 
%  of  the  total  fbux.  These  data  suggest  common  sources  of  particles  for 
both  traps  during  those  phases,  despite  considerable  variability  in  the 
total  flux  between  the  250  m  and  1,200  m  trap  in  individual  sampling 
intervals . 


1.5.  OFFSHORE  PARTICLE  TRANSPORT  FROM  LAND  -  DISCUSSION 

The  high  wind  stress  during  Phases  11  and  III  corresponded  with  the 
low  Co  r  g  /  (CaCO  3 +Sib !  o , )  ratio  in  both  the  250  m  and  1,200  m 
traps.  In  contrast  to  the  high  ratio  during  the  summer / f al 1 
coccol ithophorid  bloom,  the  low  ratio  in  winter/spring  indicated  that 
these  coccoliths  were  exposed  to  aerobic  degradation  of  organic  carbon, 
and  thus  appear  that  they  were  supplied  from  the  shelf. 

Storm-resuspended  and  river-introduced  sediment  is  possibly 
dispersed  offshelf  as  a  turbid  layer  by  advection  and  diffusion  along 
the  pronounced  pycnocline  at  175r50  m  caused  by  the  significant 
salinity  contrast  between  the  surface  and  the  deep  waters.  Evidence  for 
a  turbid  layer  of  suspended  particles  in  most  parts  of  the  Black  Sea  at 
around  150  m  was  given  by  Neuymin  (1973).  Neuymin  (1973)  reported  that 
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Figure  il.  v.onceptual  diagram  of  sediment  sources  md  dispersal 
mechanisms  along  the  southern  Black  Sea  margin,  near  trap 
station  BS.  The  vertical  exageration  factor  is  11  above  and 
■>.5  below  the  suspended  sediment  layer  (SSL).  (Notice  the 

change  in  vertical  scale  at  200  m. )  Horizontally,  shelf  and 
slope  widths  and  location  of  the  sediment  trap  mooring  are  to 
scale.  The  slope  gradient  represents  the  average  gradient; 
not  included  on  the  slope  are  the  tectonically  induced 
'pul 1-apart"  basins.  The  direction  of  the  eoas t -para  1 1 e 1 
surface  current  (1)  is  ENE.  The  dominant  dispersal 
mechanisms  are  gravity  transport  processes,  in  the  form  of 
turbidites  (2)  and  slumps  (3),  and  transport  of  suspended 
sediment  along  density  gradients  (SSL).  Three  major 

processes  control  the  variability  of  the  hemipelagic 

sedimentation  on  an  annual  basis:  (i)  primary  production, 
(ii)  river  input  of  particulate  matter  (4),  and  (iii) 
storm-induced  resuspension  of  settled  lithogenic  and 
photosynthet ical ly  produced  material  from  the  shelf  (3).  The 
hemipelagic  sediment  is  transported  offshelf  by  advection  and 
diffusion  and  settles  out  in  decreasing  concentrations  with 
distance  from  shore  (6a,  6b). 


the  suspended  material  was  composed  primarily  of  fecal  pellets  and 
decaying  phytoplankton. 

The  particle  flux  in  offshore  areas  was  closely  related  to  storms 
which  vigorously  mix  the  surface  water  and  thereby  disturb  the  turbid 
layer  at  the  pycnocline  or  any  other  minor  density  surface  like  the 
thermocline  (Neuymin,  1973).  Lack  of  storm  activity  in  summer  and  early 
fall  (Phase  I)  leads  to  a  well-stratified  water  column  with  a 
well-defined  thermocline  (Degens  et  al.,  1984).  Surface  water  is 
destratified  during  the  intense  winter  and  spring  storms  (Phases  II  and 
III).  Increased  turbulence  may  lead  to  enhanced  coagulation  between 
suspended  particles  at  the  beginning  of  the  storm  season.  This 
mechanism  could  contribute  to  the  unusually  large  total  flux  in  December 
observed  each  year,  especially  in  1983,  where  it  coincided  with  the 
first  intense  storm  during  that  winter.  Resuspension  of  shelf  sediments 
by  winter  storms  was  also  recognized  as  a  major  contributor  in  offshore 
sedimentation  in  the  East  China  Sea  (Milliman  et  al.,  1985a). 

The  array  of  lithogenic  sources  of  sediment  supply  and  dispersal 
mechanisms  of  sediment  to  the  Black  Sea  basin  floor  at  a  near-shore, 
deep  station  are  summarized  in  Figure  11.  These  sources  and  mechanisms 
possibly  were  responsible  for  generating  the  sedimentary  record  on  the 
Black  Sea  basin  floor  for  at  least  the  last  5,000  years,  during  which 
the  anoxic  bottom  water  condition  preserved  a  continuous  laminated 
sedimentary  sequence-  (Ross  and  Degens,  1974;  Degens  et  al.,  1980).  The 


dispersal  mechanisms  can  be  divided  into  gravity-driven  flows  which 
resulted  in  the  turbidite  beds  within  the  bottom  sediments,  and  offshelf 


transport  of  suspended  particles  by  an  intricate  interaction  of  physical 
(storm  and  current)  and  chemical  (strong  pycnocline)  factors,  in 
combination  with  biological  and  physical  particle  settling  mechanisms 
(Fig.  11).  However,  the  strong  influence  of  shallow  coastal  detritus 
specific  to  the  southern  Black  Sea  mooring  site  is  not  duplicated  in 
central  abyssal  plain  stations. 


1.6.  CONCLUSIONS 


The  annual  cycle  of  the  particle  flux  at  a  trap  mooring  site  near 
Amasra,  southern  Black  Sea,  can  be  grouped  into  three  distinct  phases 
(Fig.  12).  On  a  relative  scale.  Phase  I  (June  -  October)  was 
characterized  by  a  cocco 1 i thophor id  bloom,  large  organic  carbon  and 
nitrogen  fluxes,  small  lithogenic  flux,  small  biogenic  silica  flux,  low 
wind  stress,  and  low  river  discharge.  Phase  II  (November  -  January)  was 
characterized  by  large  lithogenic  flux,  high  river  discharge,  large 
input  of  resuspended  coccoliths,  high  wind  stress,  small  organic  carbon 
flux,  and  small  biogenic  silica  flux.  Phase  III  (February  -  May)  was 
characterized  by  a  period  of  high  river  discharge,  high  wind  stress, 
large  lithogenic  flux,  relatively  small  organic  carbon  flux,  and  an 
associated  bloom  of  siliceous  organisms  (diatoms  and  s i  1  icof lage 1  la tes  ) 
which  explained  the  large  opal  flux.  The  black  laminae  in  the  pelagic 


igure  12:  Dominant  characteristics  of  the  individual  phases  of  the 
annual  particle  flux  in  the  Black  Sea.  The  size  of  the  black 
circles  depict  the  relative  importance  of  individual  factors 
for  different  phases  in  contributing  particle  fluxes. 
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sediments  appear  to  be  deposited  during  Phase  III,  whereas  the 
;occo L i th-r ich  white  laminae  are  formed  during  Phases  I  and  II. 


r.v. 


Dominant  sources  of  Lithogenic  flux  to  this  site  were  the  Filyos 

and  Koeacay.  High  river  input  and  increased  lithogenic  flux  are  well 
correlated  in  August  (irregularly)  and  in  November  and  December  due  to 

high  rainfalls,  and  in  March  and  April  because  of  the  spring  thaw. 
Lithogenic  and  biogenic  particles  that  settled  on  the  shelf  were 

resuspended  by  high  orbital  speeds  on  the  shelf  floor  during  the  period 
?f  frequent  storm  activity,  particularly  between  November  and  April. 

The  resuspended  particles  consisted  predominantly  of  lithogenic 
parti.  It-s  and  toccoi  iths  (especially  between  November  and  February). 
r.sti.Tiated  particle  sinking  speeds  varied  between  65  m/day  in  summer  and 
rail  uid  125  m/day  in  winter  and  spring  at  this  station. 


Chapter  2 


PARTICLE  FLUX  IN  THE  WESTERN  BLACK  SEA 
THROUGHOUT  THE  PAST  S.OOO  TEARS 
WITH  COMPARISON  OF  THE  PRESENT  FLUX 


SUMMARY 


Compared  to  the  present-day  particle  flux  in  the  southwestern  Black 
Sea  (2  1/2  year  record),  the  particle  flux  over  the  last  1,000  years 

(paieofiux)  in  the  western  Black  Sea  is  higher  by  a  factor  of  5.5, 
mostly  because  of  an  11  times  higher  carbonate  paieofiux;  the  paieofiux 
of  iithogenic  particles  is  higher  only  by  a  factor  of  3.  Most  of  the 
variability  in  the  paieofiux  is  a  function  of  the  variability  in  the 
supply  of  coccoliths  from  Emiliania  huxleyi.  The  contrast  between 
paieofiux  and  present-day  particle  flux  in  the  southwestern  Black  Sea  is 
a  function  of  different  parameters  in  the  particle  supply.  Particles  in 
the  central  part  of  the  western  Black  Sea  are  supplied  predominantly 
from  the  northwestern  shelf  while  particles  in  the  southwestern  Black 
Sea  are  supplied  from  the  Anatolian  mountains.  The  paieofiux  between 
1  ,000  and  5,000  years  B.P.  (unit  II)  is  lower  oy  a  factor  of  3  compared 
to  the  last  1,000  years  (unit  I).  Most  of  the  variability  in  the 
paieofiux  in  unit  II  is  a  result  of  the  variability  in  the  supply  of 
terrigenous  matter. 

Comparison  of  the  laminated  core  sediments  with  seasonal  dynamics 
in  particle  supply  in  the  southwestern  Black  Sea  suggests  that  white 
laminae  (over  90  %  carbonate)  formed  during  summer  and  fall,  whereas 

black  laminae  (mostly  clay  minerals)  formed  during  winter  and  spring. 


2.1.  INTRODUCTION 


The  31ack  Sea  represents  a  useful  environment  for  the  study  of 
annual  particle  flux  of  the  past  (paleoflux).  Because  anoxic  conditions 
prevail  below  about  175m,  particles  that  settle  into  the  deep  water 
experience  comparatively  little  alteration  in  the  water  column  and  on 
the  basin  floor.  Lack  of  oxygen  in  the  deep  water  prohibits 
bioturbation  in  the  sediment  and  thus  permits  preservation  of  the 
seasonal  signature  of  particle  flux  in  the  sediment  record  as  laminated 
sediment.  Assuming  that  the  laminae  in  the  Black  Sea  are  the  result  of 
seasonal  variability  in  the  particle  flux  (see  section  2.3.3.),  then  by 
knowing  the  parameters  that  influence  seasonality  of  the  present-day 
particle  flux,  the  history  of  change  in  these  parameters  can  be 
reconstructed  in  the  laminated  core  sediment.  Linking  the  detailed 
knowledge  of  the  seasonal  variability  in  the  particle  flux  in  the 
present  with  the  5,000  year  long  time-series  of  the  laminated  sediment 
record  offers  the  possibility  of  a  detailed  understanding  of  the 
seasonal  and  long-term  changes  in  the  particle  sources  and  regional 
transport  processes  of  this  basin. 

Laminated  sediments  have  been  known  from  the  abyssal  plain  of  the 
Black  Sea  for  nearly  a  century.  Pelagic  sediments  were  studied  for  the 
tirst  time  through  coring  by  Andrusov  in  1890.  More  extensive  work  was 
:  ut  by  Arkhangel  ’  skii  and  Strakhov  in  1927  ,  who  observed  the 
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hig'n  organic  carbon  enrichment  as  well  as  the  laminated  nature  of  the 
sediments.  More  recent  extensive  studies  include  the  R/V  ATLANTIS  II 
cruise  49  in  1969  (Degens  and  Ross,  1974)  and  the  Deep  Sea  Drilling 
Program,  Leg  42B  (Ross  and  Neprochnov,  et  al . ,  1978). 


Laminae  of  different  colors  were  observed  in  all  of  the  upper 
meters  of  the  sediment  column  (e.g.  Ross  and  Degens,  1974).  Murray 
(1900)  first  ascribed  the  white  "amorphous"  carbonate  phases  to 
inorganic  precipitation.  This  conclusion  was  consistent  with  the 
observation  by  Androsov  (1890)  who  found  only  very  few  organisms  in  the 
fine  carbonate  muds.  The  low  MgO  concentration  ( <  1  %)  in  the  calcite 
led  Arkhangel ’ skii  and  Strakov  (1927,  1932,  1938)  to  postulate  that  the 
micro-lamination  of  the  fine  calcite  was  "drewite"  formed  as  a  product 
of  metabolic  processes  of  bacteria.  Later,  Strakhov  (1947)  agreed  with 
Murray  (1900)  when  he  estimated  that  the  entire  carbonate  sedimentary 
budget  of  the  Black  Sea  consisted  of  about  50  %  inorganic  precipitates, 
15-20  %  detrital  products,  17  X  biogenic  matter  and  less  than  13  % 
bacteriological  products.  Zenkovitch  (1966)  ascribed  the  lamination  to 
seasonal  events  observed  in  the  surface  waters: 

"A  varve-like  parting  of  organic  matter  reflects  the  dying  off 
of  plankton  in  summer  and  autumn.  A  fine-grained  layer  of 
calcite  is  deposited  in  winter,  and  a  thin  layer  of  clay  in 
spring . " 


Even  though  species  of  coccolithophoroids  were  first  recorded  to  be 
present  in  surface  waters  by  Usatchev  (1947),  it  was  not  until  the  R/V 
ATLANTIS  cruise  in  1969  that  the  white  bands  were  recognized  as  almost 
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seasonal  variability  in  the  paleoflux  of  the  past  in  the  Black  Sea  which 
resulted  in  the  laminated  sediments.  The  focus  of  this  chapter  was  (i) 
to  investigate  the  changes  in  paleoflux  throughout  the  anoxic  past  of 
the  Black  Sea,  and  (ii)  to  compare  the  annual  paleoflux  over  the  anoxic 
history  with  the  present-day  particle  flux  in  order  to  better  understand 
the  spatial  and  temporal  variability  in  the  annual  hemipelagic 
deposition  in  the  Black  Sea. 


2.2.  LITHOLOGY  OF  THE  LAMINATED  SEDIMENTS  -  BACKGROUND 

The  hemipelagic  sediments  that  were  deposited  in  the  central  Black 
Sea  throughout  its  anoxic  past  are  separated  into  two  basic  units  that 
are  traceable  over  the  entire  basin  (Degens  and  Ross,  1974): 

1)  Unit  I,  or  coccolith  ooze  (Fig.  L3a),  is  generally  about  30  cm  thick 


i 
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3:  (a)  Photomicrograph  of  unit  I  from  core  18.  The  approximate 
age  of  the  sediment  is  600  years  B.P.  The  white  bands  are 
composed  of  over  90  %  carbonate  whereas  the  black  bands  are 
composed  of  terrigenous  particles.  (Scale:  vertical  length: 
1  mm) 

(b)  Photomicrograph  of  unit  II  from  core  18.  The 
approximate  age  of  the  sediment  is  2,000  years  B.P.  Both 
bards  are  composed  of  mostly  terrigenous  material.  The 
carbonate  content  in  both  bands  is  less  than  20  X.  (Scale: 
vertical  length:  1  mm) 


igure  14:  (a)  SEM  photograph  of  a  black  lamina  from  sediment  unit  I  in 
core  18  (horizontal  natural  cleavage  by  drying).  The 
approximate  age  of  the  sediment  is  600  years  B.P.  Note  high 
concentration  of  clay  particles  and  the  occurrence  of  the 
coccolithophorid  Emi 1 iania  huxleyi .  (Scale  on  the  bottom  of 
the  micrograph.) 

(b)  SEM  photograph  of  a  white  laminae  from  sediment  unit  I 
in  core  18  (horizontal  natural  cleavage  by  drying).  The 
approximate  age  of  the  sediment  is  600  years  B.P.  Note  the 
almost  exclusive  occurrence  of  the  coccolith  Emiliania 
huxleyi .  (Scale  on  the  bottom  of  the  micrograph. ) 


in  the  central  BLack  Sea  (Ross  and  Degens,  1974),  but  is  thicker  in 
areas  with  high  terrigenous  sediment  contribution.  This  sediment  unit 
consists  ot  finely  laminated  layers  with  an  average  thickness  of  0. 1-0.4 
mm  in  the  central  Black  Sea.  However,  laminae  are  not  recognizable  in 
the  upper  slopes  of  the  Danube  fan  and  in  nearshore  regions.  The 
dominant  species  is  Emiliania  huxleyi  (Fig.  14a).  Black  bands  are 
composed  mostly  of  clays  with  a  minor  contribution  of  coccolith 
carbonate.  The  organic  carbon  content  is  about  4  %  (Degens,  1974).  The 
microfaunal  assemblage  in  the  black  bands  consist  of  in-situ  coccoliths 
and  Cretacecous  and  Eocene  erratal  coccoliths,  transported  into  the 
basin  by  rivers  from  the  Anatolian  Massif  (Bukry,  1974). 


2)  Unit  II,  is  a  sapropel  (Fig.  13b),  averaging  about  in  40cm  thickness 
(Ross  and  Degens,  1974).  It  is  thickened  and  obscured  in  areas  of  high 
deposition  rate.  This  unit  is  also  laminated,  exhibiting  up  to  100 
varve  couplets  per  centimeter  (Fig.  14b).  The  sediment  is  dark  brown  in 
color  and  high  in  organic  carbon  content  (10-20  %,  Degens,  1974). 


2.3.  METHODS 


2.3.1.  Sample  analysis 


For  the  study  of  the  paleoflux  three  laminated  cores  were  chosen 
from  the  R/V  CHAIN  cruise  in  1975  (Fig.  15).  Samples  were  collected 
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with  a  gravity  corer  with  a  specially  developed  method  that  preserved 
the  sediment  surface  and  laminae  (Degens  et  al . ,  1980).  Core  sites  were 
located  in  the  deep  western  part  of  the  Black  Sea  (5  i,  18),  about 

100-150  km  northeast  of  the  trap  site  in  the  deep  part  of  the  basin 

(Fig.  1).  Cores  had  been  refrigerated  at  the  University  of  Hamburg.  A 
total  of  56  samples  were  studied  from  cores  5  (18  samples),  18  (32 

samples),  and  33  (6  samples).  The  samples  from  unit  II  of  core  35  were 
chosen  from  younger  than  2,800  years  B.P.  (Fig.  13),  which  represents 
the  approximate  date  when  the  H2S/O2  interface  was  shallow  enough  to 
cause  anoxic  deposition  on  the  upper  slope. 

For  the  measurement  of  the  paleoflux  from  the  sediment  cores  a  small 
rectangular  block  of  sediment  was  cut  parallel  and  vertical  to  the 

laminae.  The  average  wet  volume  was  about  254  mm3.  Paleoflux, 
measured  like  the  present-day  particle  flux  in  the  units 
weight/area/time ,  was  determined  for  each  sample  in  three  basic  steps 

(Fig.  16): 

1.  Time:  A  1  mm  thick  slice  was  cut  from  one  of  the  sides  of  each 

small  block  perpendicular  to  the  laminae  with  a  single-edged 
blade  and  mounted  for  thin-sectioning.  The  number  of  years 
of  deposition  for  each  block  was  determined  by  varve 

counting.  I  assumed  that  one  light  and  dark  varve  couplet 
represented  one  year  (see  next  section  for  further 
discussion).  On  average,  sediment  blocks  from  unit  I  used  or 
analysis  had  28  varve  couplets,  blocks  from  unit  II  had  73 


Figure  15:  Stratigraphic  cross-section  of  the  three  cores  used  for  the 
paleof lux  study  (after  Degens  et  al.,  1980).  The  sediments 
consist  of  laminated  hemipelagic  deposits  interbedded  with 
turbidite  oozes.  The  main  sedimentary  units  were  dated  by 
varve-counting ;  the  ages  487  and  624  years  B.P.  were  derived 


from  correlation  with  additional  cores  by  Degens  et  al. 
(1980). 
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Schematic  diagram  of  the  method  used  in  the  determination  of 
the  postdepositional  paleoflux  (pPF)  and  the  depositional 
paleoflux  (dPF)  for  the  laminated  sediments  of  units  I  &  II. 
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couplets  (Fig.  16).  The  average  error  in  varve  counting  is 
estimated  with  s6  %  in  unit  I  and  t8  %  in  Phase  II.  The 

error  resulted  from  the  fact  that  some  varves  couid  not  be 

identified  unambiguously  as  separate  varves.  The  higher 

error  in  unit  II  is  a  result  of  thinner  laminae  in  that  unit. 

2.  Area:  The  surface  and  bottom  area  of  each  block  was  carefully 

measured  and  averaged  (Fig.  16). 

3.  Weight:  Each  block  was  then  dried  at  60  °C  for  24  hours  and 

weighed.  Samples  were  corrected  for  salt  (see  Table  3). 

The  methods  for  the  bulk  chemical  analysis  of  the  core  samples  were 
the  same  as  used  for  the  analysis  of  the  sediment  trap  samples  (chapter 
1).  For  the  determination  of  carbonate  the  dried  sample  was  immersed  in 
10  %  acetic  acid  and  i  Itrasonically  dispersed.  After  24  hours  the 

sample  was  filtered,  rinsed  with  distilled  water,  dried,  and  reweighed. 
The  carbonate  flux  was  determined  from  the  weight  loss.  The  organ: 

carbon  flux  was  determined  from  decalcified  samples  wit‘ 
Hewlett-Packard' R *  CHN  Analyzer.  The  noncombustible 
determined  by  combusting  the  decalcified  sample  at 
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Table  3:  Table  of  assumptions  and  important  values  used  for  the  salt 
correction  and  the  calculation  of  the  depositional  paleoflux 
(dPF)  from  the  postdepositional  paleoflux  (pPF). 


(a)  Salt  correction  (units  I  &  II) 


Porosity  (at  22  X0) 


80  X  (Manheim  and  Chan,  1974) 


Conversion  factor  for 

Organic  carbon  to  organic  matter 


1.5  (Honjo,  unpubl.  data) 


Specific  density 
organic  matter 
inorganic  matter 


0.92  g/cm’ 
2.7  g/cm’ 


(b)  Values  used  for  correction  for  silica  dissolution  and  decomposition  of 
organic  matter  in  unit  I 


Correction  for  silica  dissolution: 
Silica  content 

Trap,  1200b  (annual  average) 
Cores  5  &  18,  unit  I,  average 
Silica  dissolution  of  trap  material 
(estimate) 


8.7  X 
1.2  X 


86  X 


Correction  for  organic  carbon  decomposition: 
Organic  carbon  content 

Trap,  1200m  (annual  average)  14  X 

Cores  5  5.  18,  wit  I,  average  4  X 

Organic  carbon  decomposition 

of  trap  material  (estimate)  70  X 
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JXA-733  SEM  with  a  JSM-35CF/DDS  electron  microprobe  was  used.  Small 
core  samples  were  dried  at  60  °C  for  24  h,  embedded  in  EPOFIX  epoxy, 
and  kept  under  vacuum  for  another  24  h  during  hardening.  The  resulting 
i  stubs  were  then  cut  perpendicular  to  the  laminae,  and  carefully 

polished.  The  microprobe  was  standardized  before  quantitative  analysis 
of  CaO  using  synthetic  DJ35  glass.  The  error  of  this  standard  was  less 
than  £  1  X. 


2.3.2.  Data  analysis 

2. 3. 2.1.  Sedimentation  rate 

The  sedimentation  rates  for  units  I  &  II  of  the  deep  basin  cores 
were  computed  as  the  average  of  the  sedimentation  rates  of  the  blocks 
for  each  unit.  The  sedimentation  rate  for  each  block  was  calculated  by 
dividing  the  thickness  of  the  block  by  the  number  of  counted  varve 
couplets. 


2. 3. 2. 2.  Paleoflux 

For  the  quantitative  discussion  of  the  core  data,  the  paleoflux 
(particle  flux  in  the  past)  was  further  specified  by  the  following  two 
terms  that  are  here  defined:  postdepositional  paleoflux  (pPF)  and 
depositional  paleoflux  (dPF).  The  postdepositional  paleoflux  represents 


_  • 
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che  paleoflux  as  calculated  from  the  sample  analysis  steps  (1)  to  (3)  in 
section  2.3.1.  The  depositional  paleoflux  represents  the  paleoflux 
before  postdepositional  alterations  such  as  decomposition  and 
dissolution  of  matter  has  occurred  in  the  sediment  column  (Fig.  16);  it 
thereby  represents  the  reconstructed  paleoflux  at  the  time  of  deposition 
to  the  ocean  floor.  The  postdepositional  paleoflux  (pPF)  is  used  in 
this  study  for  the  discussion  of  the  changes  throughout  the  anoxic  past 
of  the  Black  Sea  (cores).  The  depositional  paleoflux  (dPF)  is  used  for 
the  comparison  of  the  paleoflux  of  the  recent  past  (unit  I,  cores)  with 
the  present-day  flux  (sediment  traps).  The  term  depositional  paleoflux 
is  equivalent  with  the  term  net  accumulation  rate  also  used  in  the 
literature  (e.g.  Curry  and  Lohmann,  1988,  in  prep.;  Broecker  and  Peng, 
1982). 

For  the  Black  Sea,  the  depositional  paleoflux  is  computed  by 
correcting  for  dissolution  of  biogenic  silica  and  decomposition  of 
organic  matter  (Fig.  17).  Decalcification  did  not  occur  in  Black  Sea 
sediments  (Fig.  Ha;  Bukry,  1974;  Ross  and  Degens,  1974)  and  formation 
of  authigenic  minerals  like  pyrite  is  considered  insignificant  in  terms 
of  mass  contribution  to  the  sediment.  Given  the  range  of  complexities 
involved  in  the  degradation  process  of  the  biogenic  matter  and  given  the 
considerable  regional  variability,  the  correction  values  can  only  be 
estimates . 


Correction  for  decomposition  of  organic  matter:  Deuser  (1971) 


Figure  17:  Schematic  diagram  of  the  computational  step  involved  for  the 
correction  of  the  postdepositional  paleoflux  (pPF)  for 

degradation  of  biogenic  matter  in  order  to  obtain  the 
depositional  paleoflux  (dPF). 


1)  Determination  of  correction  factor 

(Assumption:  Constant  decay  in  sediment  after  burial  throughout  unit  I 


200m  sediment  trap 


1,200m  sediment  trap 


Figure  18:  Schema  of  the  organic  carbon  budget  for  sediment  unit  I 
(taken  from  Deuser,  1971).  Number  below  the  squares 
represent  grams  of  carbon  per  square  meter  per  year  over  the 
area  of  the  Black  Sea.  Considering  that  the  sum  is  about  100 
grams  per  square  meter  per  year,  the  numbers  also  represent 
rough  percentages. 
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estimated  that  only  19  X  of  the  organic  matter  that  enters  the  anoxic 
deep  water  would  be  buried  in  the  sediment  (Fig.  18).  Of  this  19  X, 
another  5  %  of  the  total  organic  matter  dissolves  in  the  water  column 
and  another  10  X  is  oxidized  by  bacterial  sulfate  reduction  at  the 
sediment/water  interface.  The  remaining  4  %  are  finally  buried  in  the 
sediment  (Deuser,  1971).  Further  decay  in  the  sediment  column  appears 
to  be  insignificant,  since  the  relative  concentration  of  organic  carbon 
in  cores  5  Si  18  does  not  show  any  exponential  decrease  with  depth  over 
this  short  time  span  (Fig.  19).  Also,  in  oxic  sediment,  the  halflife  of 
further  decay  of  organic  carbon  has  been  estimated  as  long  as  about 
1,000,000  years  in  a  core  from  West  African  shelf  (Muller  et  al.,  1983), 
and  114,000  years  in  a  core  from  the  Gulf  of  Mexico  (Jasper,  unpublished 
data).  I  therefore  used  a  constant  correction  factor  for  each  sample  of 
unit  I,  independent  of  subbottom  depth  (Fig.  17).  This  factor  was 
computed  by  comparing  the  organic  carbon  content  of  the  sediment  trap 
samples  with  the  core  samples.  Considering  that  the  average  annual 
organic  carbon  flux  represents  14  X  of  the  average  total  flux  in  the 
1,200  m  sediment  trap,  and  that  the  average  postdepositional  paleoflux 
of  organic  carbon  in  cores  5  &  18  in  unit  I  represents  4  %  of  the  total 
postdepositional  paleoflux,  decomposition  of  organic  matter  before  final 
burial  would  be  about  70  X,  i.e.  the  original  organic  carbon  flux  in  the 
deep  water  was  higher  by  about  a  factor  of  3.5  (Fig.  17).  The 
postdepositional  Cor9  paleoflux  of  each  sample  was  then  multiplied  by 
this  correction  factor  to  obtain  the  depositional  Corg  paleoflux. 
Using  an  average  conversion  factor  of  1.5  from  organic  carbon  to  organic 


matter  and  a  density  for  organic  matter  of  0.92,  the  total 
postdepositional  paleoflux  of  each  sample  in  unit  I  was  then  corrected 
for  organic  matter  decomposition.  On  average,  the  total 
postdepositional  paleoflux  increased  by  about  14  X  with  this  correction 
(Fig.  17;  Table  3). 


Correction  for  dissolution  of  biogenic  silica:  Since  the  bottom 
waters  in  the  Black  Sea  are  undersaturated  with  respect  to  silica 
(Grasshoff,  1975),  a  large  fraction  of  deposited  biogenic  silica  will 
dissolve  before  final  burial.  The  biogenic  silica  concentration  of  one 
core  sample  from  the  upper  20cm  from  below  the  sediment  trap  site  BS  was 
1.2  X  using  the  method  by  Eggimann  et  al.  (1980).  This  value  is  similar 
to  data  from  Shimkus  et  al.  (1973)  who  measured  a  biogenic  silica 
content  of  1.2  X  near  core  site  18.  Using  the  average  annual  biogenic 
silica  flux  of  8.7  X  of  the  total  particle  flux  in  the  1,200  m  sediment 
trap  and  a  residual  biogenic  silica  content  of  1.2  X  in  the  core 
sediments,  the  biogenic  silica  flux  in  the  1,200  m  water  depth  dissolves 

by  about  86  X  (Table  3),  i.e.  by  a  factor  of  7.3.  With  depth  the 

biogenic  silica  content  appears  to  be  constant;  Shimkus  et  al.  (1973) 
measured  the  distribution  of  biogenic  silica  in  three  deep  basin  cores 
in  the  western  Black  Sea  which  showed  a  generally  uniform  distribution 

with  depth  for  units  I  and  II.  When  we  then  add  the  silica  fraction 

that  dissolved  before  burial,  the  total  postdepositional  paleoflux  for 
each  sample  of  unit  I  increases  by  about  7  X  This  correction  factor 
only  represents  a  rough  estimate,  given  the  known  difficulty  in 


measuring  the  biogenic  silica  content  in  sediments  (e.g.  Eggiman  et  al., 
1980). 

2. 3. 2. 3.  Postdepositional  sediment  accumulation 

An  additional  way  to  compare  the  present-day  particle  flux  with  the 
paleoflux  of  unit  I  is  to  convert  the  present-day  particle  flux  record 
of  2  1/2  years  from  the  trap  site  BS  into  a  short  hypothetical 

high-resolution  core  section,  i.e.  to  calculate  the  postdepositicnal 
sediment  accumulation  (pSA)  at  site  BS,  allowing  for  dissolution  of 
biogenic  silica  and  decomposition  of  organic  matter  as  it  would  occur  in 
the  sediment  column: 


Flux  100 

pSA  (mm/year)  =  [ - * - ]  -  DecompCora  -  Disssi 

spec,  density  Porosity 

For  this  calculation  the  same  assumptions  for  porosity  (%),  density 
(g/cm2),  decomposition  of  organic  carbon,  and  dissolution  of  biogenic 
silica  are  used  that  were  applied  for  the  conversion  from 
postdepositional  paleoflux  to  depositional  paleoflux  (Fig.  17;  Table 
3).  This  calculation  has  the  advantage  of  showing  the  compositional 
changes  in  a  core  on  a  biweekly  scale,  which  allows  for  a  better 
assignments  of  seasons  to  the  individual  black  and  white  laminae  of  the 


cores  (see  section  2.4.3.). 
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2.3.3  ChronoLogy 

Some  of  the  cores  used  from  the  R/V  CHAIN  cruise  had  previously  been 
varve-counted  (Degens  et  al . ,  1980)  which  led  to  a  reassignment  of  ages 
for  the  anoxic  history  of  the  Black  Sea.  Degens  et  al .  (1980)  used  unit 
I  in  core  35  and  unit  II  in  core  18  since  they  were  not  interrupted  by 
turbidites  (Fig.  15).  According  to  these  ages,  anoxic  conditions 
(deposition  of  sediment  unit  II)  began  5,100  years  B.P.,  deposition  of 
unit  I  began  1,000  years  B.P..  Similarly,  varve  counting  by 
Arkhangel ' sky  and  Strakhov  (1938)  showed  that  salination  of  the  Black 
Sea  and  with  it  onset  of  anoxic  conditions  started  about  5,000  years  ago. 

The  varve  counts  by  Degens  et  al.  (1980)  were  generally  confirmed  by 
separate  sedimentation  rate  computations  for  unit  I  &  II  from  the  varve 
counts  of  the  individual  sediment  blocks.  Given  that  the  sedimentation 
rate  of  unit  I  is  on  average  26  cm/1,000  years  (Fig.  20)  and  the  average 
thickness  of  unit  I  is  about  29cm,  the  hypothetical  transition  between 
units  I  &  II  calculated  in  this  manner  occurred  at  about  1,093  *111 
varve  couplets  ago  (Table  4).  By  the  same  calculation,  unit  II  has  4507 
*474  varve  couplets,  i.e.  deposition  of  unit  II  began  5600  *585 
years  ago,  assuming  annual  varve  couplets.  This  time  span  is  about  13  % 
longer  than  the  varve  count  by  Degens  et  al.  (1980);  however,  the  years 
of  my  varve  count  from  the  blocks  is  based  on  only  27  %  of  the  entire 


unit  II  in  core  18. 


Figure  20:  Sedimentation  rates  for  units  I  &  II  for  cores  5  Si  18  as 
computed  by  dividing  the  average  thickness  of  the  sediment 
blocks  used  for  the  paleoflux  study  by  their  number  of  varve 
couplets.  The  average  sedimentation  rate  for  unit  I  is  26 
cm/1,000  years,  for  unit  II  9  cm/1,000  years. 
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Table  4:  Average  age  of  the  sediment  units  I  and  II  calculated  by 
dividing  the  thickness  of  each  sediment  block  by  its  number  of 
varve  couplets.  The  computed  ages  are  within  the  range  of  the 
ages  counted  by  Degens  et  al.  (1980). 


Unit 

Average 

of 

Cores  5 

&  18 

Average  sed.  rate 

I 

26.3 

(n=30 ) 

(cm/1000  yrs) 

II 

8.9 

(n=18 ) 

Sediment  thickness 

I 

28.8 

(cores  5  6<  18) 

(cm) 

II 

41.0 

(core  18) 

Hypothetical  age 

I 

1093  till 

(years  B.P.) 

II 

4507  -474 

Degens  et  al.  (1980) 

I 

998 

(years  B.P.) 

II 

4085 
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I  consider  it  reasonable  to  assume  one  varve  couplet  to  be  an  annual 
deposit  for  the  following  reasons: 

(i)  Distinct  seasonality  in  particle  flux.  The  sediment  trap  study 
showed  that  even  at  the  comparatively  complex  sediment  trap  site  BS  near 
the  coast,  that  the  predominant  supply  of  the  major  particle  flux 
components  alternate  distinctly  annually  (chapter  1).  Biogenic 
carbonate  is  supplied  by  primary  production  of  coccolithophorids  in 
summer  and  fall;  terrigenous  matter  is  supplied  by  rivers  during  peak 
river  discharge  in  winter  and  spring.  White  laminae  are  composed  almost 
exclusively  of  the  coccolithophorid  species  Emiliania  huxleyi;  black 
laminae  are  composed  of  mostly  clay  minerals. 

(ii)  Carbon-14  dating.  Carbon-14  dating  of  cores  from  the  R/V  ATLANTIS 
II  cruise  in  1969,  utilizing  both  organic  matter  and  carbonate,  had 
yielded  ages  of  about  3,090*140  and  7,090±180  years  (Ross  and 
Degens,  1974).  These  ages  are  too  old,  however,  due  to  mixing  of 
authigenic  Black  Sea  particles  with  terrigenous  carbonate  and  organic 
carbon  supplied  by  river  and  by  reworking  of  material  from  the 
continental  shelf  (Bukry,  1974).  Degens  et  al.  (1980)  suggested  that 
the  particulate  matter  already  had  an  "age"  of  about  2,000  years  at  the 
time  of  deposition.  This  offset  was  confirmed  by  Calvert  (1987)  who 
measured  l4C  in  the  core  top  of  core  1432  collected  during  the  R/V 
ATLANTIS  II  cruise  in  1969,  the  location  coinciding  with  R/V  CHAIN  site 
18. 
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However,  it  is  not  possible  to  say  with  definite  certainty  that  the 
varve  count  is  the  precise  absolute  age.  Possible  sources  of  error  are: 


(i)  Multiple  varve  couplets  per  year:  Multiple  couplets  per  year  are 
not  considered  common  occurrences , however ,  since  they  would  increase  the 
ages.  For  example,  even  though  the  l4C  ages  by  Ross  and  Degens  (1974) 
were  2,000  years  older  than  the  varve  count  by  Degens  et  al.  (1980),  the 
length  of  time  during  which  unit  II  was  deposited  is  in  both  cases  about 
4,000  years. 


(ii)  Missing  varves:  Varves  could  be  missing  because  the 
coccolithophorid  bloom  may  not  be  occurring  in  certain  years.  At  least 
during  the  2  1/2  year  long  sediment  trap  study  this  occurrence  was  not 
observed,  however. 


(iii)  Alteration  within  fluff  layer:  If  the  laminae  entirely  reflect 
seasonal  processes  supplying  particles,  the  particles  have  to  pass 
through  the  fluff  layer  without  disturbance  or  repackaging.  Possible 
disturbances  include  chemical  alteration  of  the  particles  and 
differential  settling  of  the  particles  due  to  different  size  and 
density.  The  impact  of  the  fluff  layer  as  a  filter  on  seasonal  particle 
supply  is  not  known  at  present,  but  not  considered  important  for  the 
chronology  since  little  chemical  alteration  is  expected  for  the  main 
components  of  the  laminae,  biogenic  carbonate  and  lithogenic  matter. 


w 
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Although  it  is  not  absolutely  certain  at  this  point  that  the  varve 
counted  age  represents  the  true  age,  I  consider  the  varve  counted  ages 
by  Degens  et  al.  (1980)  the  presently  most  reasonable  ages  available  and 
will  therefore  adopt  these  ages  in  this  study. 


2. A.  RESULTS 


2.4.1.  Paleoflux  in  unit  I 


In  unit  I,  the  average  composition  of  the  major  components  is  65  % 
CaCOi,  27  %  noncombustible  matter,  and  4.1  X  organic  carbon  (Table 
5).  Most  of  the  carbonate  consists  of  coccoliths,  Emiliania  huxleyi 
(Fig.  14a;  Bukry  et  al.,  1970;  Muller  and  Stoffers,  1974;  Degens  and 
Stoffers,  1980).  The  carbonate  is  concentrated  in  the  white  laminae. 


The  average  total  postdepositior.al  paleoflux  (pPF)  for  unit  I  in 
cores  5  i  IS  was  437  mg  m'z  day'1  (Fig.  21;  Table  5).  It  was  14  % 
higher  in  core  5  than  in  core  18.  While  the  carbonate  and  organic 
carbon  pPF  in  both  cores  are  similar,  the  noncombustible  pi-F  is 
considerably  higher  in  core  18  than  in  core  5. 


The  total  pPF  and  carbonate  pPF  are  significantly  correlated  for 
both  cores  3  &  18  (Fig.  22;  Table  6).  In  contrast,  the  noncombustible 
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Figure  21:  Postdepositional  paleoflux  (pPF)  at  core  sites  5,  18,  and  35 
throughout  the  anoxic  history  of  the  Black  Sea  for  the  total, 
carbonate,  noncombustible,  and  organic  carbon  pPF.  The 
absolute  ages  assigned  to  the  data  are  based  on  the  varve 
count  by  Degens  et  al.  (1980).  Marked  also  with  a  black 
triangle  on  the  upper  horizontal  axis  for  comparison  is  the 
annual  mean  of  the  present-day  particle  flux  and  its 
components  averaged  from  the  250  m  and  1,200  m  sediment  trap 
(see  chapter  1). 


(mg/m2/day) 


Figure  22:  (a)  Total  postdepositional  paleoflux  (pPF)  versus  carbonate 
pPF  in  Black  Sea  sediment  cores  5,  18,  and  35  from  56  samples 
of  sediment  units  I  and  II.  The  slopes  of  regression  lines 
for  unit  I  in  cores  5  &  18  are  nearly  equal  but  the  relative 
concentration  of  carbonate  in  core  5  is  on  average  15  % 

higher  than  in  core  18  (Table  3). 

(b)  Total  postdepositional  paleoflux  (pPF)  versus  the 

noncombustible  pPF  from  the  same  cores.  The  noncombustible 
fraction  is  composed  of  over  95  X  terrigenous  matter,  with 

the  remaining  fraction  composed  of  biogenic  silica. 

(c)  Total  postdepositional  paleoflux  (pPF)  versus  the 

organic  carbon  pPF  from  the  same  cores. 
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Table  5:  Postdepos  it  ional  paleoflux  (pPF)  in  cores  5,  18,  and  35.  (  The 
pos tdeposi t ional  paleoflux  represents  the  paleoflux  uncorrected 
for  the  dissolution  of  silica  and  the  decomposition  of  organic 
matter .  ) 


PARTICLE  FLUX 


POSTDEPOS ITIONAL  PALEOFLUX  (pPF) 
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pPF  is  only  significantly  correlated  with  the  total  pPF  in  core  5  (r  = 
0.82);  in  core  18  it  is  not  significantly  correlated  (r  =  0.14;  Table 
6).  These  results  indicate  that  the  variations  in  the  total  pPF  are 
mainly  caused  by  variations  in  the  carbonate  pPF.  The  noncombustible 
matter  appears  to  have  the  same  source  area  as  the  carbonate  in  core  5, 
whereas  it  is  different  in  core  18  (see  discussion  in  section  2.5.2.). 

The  organic  carbon  pPF  is  similar  for  both  deep  basin  cores. 
Correlation  between  organic  carbon  pPF  and  total  pPF  is  significant  in 
both  cores  (Table  6).  The  lower  correlation  coefficients  between 
organic  caibon  pPF  and  carbonate  pPF  than  between  organic  pPF  and 
noncombustible  pPF  suggests  that  a  considerable  fraction  of  the 
carbonate  is  derived  by  resuspension  from  the  Danube  shelf  after  aerobic 
degradation  of  the  organic  matter  of  the  coccolithophorids .  Organic 
carbon  content  of  one  white  band  was  only  1  %  compared  to  an  average  of 
4  %  for  unit  I . 

2.4.2.  Paleoflux  in  unit  II 

In  unit  II,  the  average  composition  is  17  %  carbonate,  63  % 
noncombustible  matter,  and  10  %  organic  carbon  (Table  5).  Thus,  in 
contrast  to  unit  I,  unit  II  is  dominated  by  sedimentation  of  lithogenic 
material.  It  also  has  a  considerably  higher  organic  carbon  content, 
which  is  why  this  unit  has  been  called  a  sapropel  (e.g.  Ross  and  Degens, 
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1974).  The  comparison  between  the  major  sediment  components  (carbonate 
and  lithogenics)  shows  that  both  the  individual  black  and  white  laminae 
in  unit  II  are  dominantly  composed  of  lithogenic  material,  similar  to 
the  black  laminae  in  unit  I  (Fig.  23).  The  difference  in  color  between 
the  laminae  in  unit  II  may  be  related  to  variations  in  the  organic 
matter  content. 


The  average  total  postdepositional  paleoflux  (pPF)  for  unit  II  in 
core  18  is  lower  by  a  factor  of  3  compared  to  unit  I  (Fig.  21;  Table  5) 
whereas  the  carbonate  pPF  is  lower  by  a  factor  of  11.  The 
noncombustible  pPF  in  core  18  is  only  17  %  lower  than  in  unit  I, 
indicating  little  variation  in  the  terrigenous  input  over  the  last  5,000 
years.  The  organic  carbon  pPF  in  the  deep  basin  cores  is  18  %  lower 
than  in  unit  I. 


The  significant  correlation  between  noncombustible  pPF  and  total  pPF 
in  core  18  (Table  6)  indicates  that  variability  in  total  pPF  is 
dominantly  caused  by  changes  in  terrestrial  particle  supply,  which 
ranges  in  unit  I  between  50  and  200  mg  m'*  day'1  (Fig.  22).  The 
significant  correlation  between  the  carbonate  and  the  noncombustible  pPF 
for  core  18  in  unit  II  (r  =  0.71)  indicates  a  terrigenous  source  for 
carbonate.  Terrigenous  supply  of  carbonate  is  conceivable  as  there  did 
not  exist  an  important  source  of  biogenic  carbonate  during  deposition  of 
unit  II. 
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On  the  slope  (core  35)  the  total  pPF  is  25  %  higher  than  in  the  deep 


basin  core  18.  Both  the  carbonate  and  noncombustible  fractions  are 
relatively  higher  on  the  slope  than  in  the  deep  basin.  The  organic 
carbon  content  on  the  slope  averages  only  1.1  %  (Table  5). 


2.4.3.  Comparison  between  present-day  particle  flux  and  paleoflux 

The  present  biochemical  conditions  in  the  Black  Sea  became 
established  only  about  1,000  years  ago.  Specifically,  the  most 
important  changes  that  occurred  about  1,000  years  ago  included  (a)  the 
firm  establishment  of  the  cosmopolitan  coccolithophorid  Emiliania 
huxleyi  in  the  Black  Sea,  and  (b)  the  rise  of  the  H2S/02  interface 
to  a  shallow  depth  (Deuser,  1974),  reducing  the  time  of  aerobic 
decomposition  in  the  water  column  when  biogenic  particles  settle.  We 
will  therefore  compare  the  present-day  particle  flux  to  the  depositional 
paleoflux  (dPF),  converted  from  the  postdepositional  paleoflux,  for  only 
unit  I. 

For  the  assignment  of  seasons  to  the  individual  black  and  white 
laminae  of  the  cores,  i.e.  link  the  seasonal  dynamics  of  the  biogenic 
and  lithogenic  particle  supply  at  site  BS  to  the  timing  of  the 
deposition  of  the  black  and  white  laminae  in  the  cores,  the  annual 
particle  flux  was  converted  into  postdepositional  sediment  accumulation, 


as  described  in  section  3.2.3. 


For  this  calculation,  the  annual 


particle  flux  record  (sediment  trap)  was  converted  into  a  short 
high-resolution  core  section  for  the  two-year  deposition  period  (Fig. 
24),  thereby  showing  the  compositional  changes  in  a  core  on  a  biweekly 
scale,  which  allows  for  a  better  assignments  of  seasons  to  the 
individual  laminae  of  the  basin  floor  sediments  in  the  Black  Sea 
(section  2. 4. 3. 2). 

2.4.3. 1.  Regional  variability 

The  comparison  between  the  present-day  particle  flux  and  the 
depositional  paleoflux  (cores  5  &  18,  unit  I)  reflects  the  importance  of 
regional  variability,  even  though  the  two  core  sites  are  only  100-150  km 
north/northeast  of  the  sediment  trap  site.  The  total  dPF  in  cores  5  & 
18  is  on  average  5.5  times  higher  than  in  the  traps  (Table  7).  However, 
these  differences  are  not  uniform  for  the  individual  major  chemical 
components.  Most  of  the  higher  dPF  is  caused  by  the  11  times  higher 
carbonate  dPF.  The  noncombustible  dPF  is  only  about  3  times  higher,  the 
organic  carbon  dPF  about  5  times  higher  (using  the  70  %  decomposition 
correction  value). 

The  higher  dPF  in  the  cores  is  also  reflected  in  the  calculation  of 
the  postdepositional  sediment  accumulation  from  the  particle  flux  at 
site  BS.  Over  the  2  1/2  year  sampling  period  the  sediment  accumulation 
would  be  55  pm  from  the  250  m  trap  and  58  pm  from  the  1,200  m  trap. 
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Table  7:  Depositional  paleoflux  (dPF)  in  cores  5,  18,  and  35.  (The 

depositional  paleoflux  represents  the  postdepositional 
paleoflux  (pPF)  corrected  for  the  dissolution  of  silica  and  the 
decomposition  of  organic  matter.) 


PARTICLE  FLUX  DEPOSITIONAL  PALEOFLUX  (dPF) 


Average  of 

sediment 

traps 


Unit  I 

Core  5  Core  18  Core  56.18 
(average ) 


Factor 
(Unit  1/ 
Traps ) 


(a)  mg/m2/day 

TOTAL  FLUX 
CARBONATE 
LITHOGENICS 
ORG.  CARBON 


5.8 

5 

3.8 

2 

(b)  Percent  of  total  flux 

CARBONATE  28 . 2 

58.6 

48.4 

53.7 

LITHOGENICS  37.2 

15.9 

26.3 

20.9 

71.8  % 

74.9  % 

74.6  % 

74.8  % 

if  of  samples  (n) 


;  -*.>  v..-; v . .* 


>".vv  .V".v 

v'/Vvv;-v!<S'S 


The  average  thickness  of  one  varve  couplet  in  unit  i  in  the  deep  basin 


.-ores  is  263  um.  Thus,  based  on  this  calculation  the  annua! 
deposition  at  the  core  sites  is  on  average  4.7  times  higher  than  at  site 
BS. 


2.4. 3. 2.  Seasonal  variability 

The  two  major  chemical  components  in  the  particulate  matter  of  site 
BS  are  carbonate  and  lithogenic  matter  as  in  the  core  sediments  (Fig. 
23).  The  calculation  of  the  postdepositional  sediment  accumulation  at 
site  BS  shows  that  the  lithogenic  content  is  clearly  dominant  from 
February  to  May  (Phase  III)  with  a  49  X  higher  contribution  than  for  the 
time  period  between  June  and  January  (Phases  I  &  II)  (Fig.  24).  During 
Phases  I  &  II,  the  relative  carbonate  and  lithogenic  contents  are  about 
equal  in  concentration  (Fig.  23).  At  site  BS,  Phase  I  would  account  for 
the  deposition  of  46  X  of  the  annual  sediment  deposition  that  would 
ultimately  be  buried,  Phase  II  for  28  X,  and  Phase  III  for  26  X. 

In  unit  I  in  the  cores,  the  average  carbonate  content  of  four 
individual  white  laminae  using  the  microprobe  was  95  X;  bulk  chemical 
analyses  of  one  thick  white  band  showed  a  93  X  carbonate  content  (Fig. 
25).  The  organic  carbon  content  of  this  band  was  1  X.  The  black 
laminae  are  dominantly  composed  of  terrigenous  material.  The  ratio  of 
carbonate  to  noncombustible  material  by  microprobe  analysis  was  about 


Figure  23:  Relative  composition  of  the  major  particle  flux  components 
carbonate  and  lithogenics  for  the  annual  particle  flux  at 
site  BS,  the  individual  laminae  in  the  deep  basin  cores,  and 
the  relevant  river  in  the  western  Black  Sea.  Data  for  the 
Danube  were  taken  from  Shimkus  and  Trimonis  (197**). 


SEDIMENT  TRAPS  UNIT  I  UNIT  II  RIVERS 


Figure  24:  Postdepositional  sediment  accumulation  based  on  the  particle 


flux  in  the  1,200  m  sediment  trap  at  site  BS.  11  is  figure 
represents  the  2  1/2  year  long  particle  flux  record  at 

sediment  trap  site  BS,  converted  into  a  hypothetical  core 
section  after  decomposition  of  organic  matter  and  dissolution 
of  biogenic  silica  has  taken  place.  Most  of  the  accumulated 
sediment  consists  of  carbonate  and  lithogenic  particles. 
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Figure  25:  Semi-quantitative  determination  of  the  major  element 
concentrations  of  black  laminae  (a)  and  white  laminae  (b) 
using  an  EDX  electron  microprobe.  (a)  and  (b)  are  the  result 
of  5  x  200  pm  area  scan  vertical  to  the  laminae  (about  600 
years  B.P.)  on  epoxy  impregnated  polished  sample. 


1:5  (Fig.  2  3).  This  ratio  represents  a  relatively  higher  contribution 


of  carbonate  than  found  in  the  terrigenous  input  of  the  rivers  that 
drain  into  the  northwestern  Black  Sea,  including  the  Danube  (Fig.  23). 

Although  the  paleoflux  of  particulate  components  is  higher  in  the 
central  western  Black  Sea  than  at  the  trap  site,  seasonal  processes 
relevant  in  the  supply  of  the  particles  are  considered  similar  at  both 
sites.  Comparison  between  the  seasonal  variability  in  the  composition 
of  the  particle  flux  (Fig.  24)  and  the  composition  of  the  black  and 
white  laminae  suggests  that  black  laminae  formed  approximately  between 
February  and  June  and  white  laminae  from  July  to  January. 


2.5.  PARTICLE  FLUX  IN  THE  BLACK  SEA  -  DISCUSSION 

2.5.1.  Particle  flux  through  time 

The  biochemical  changes  that  occurred  in  the  Black  Sea  during  its 
anoxic  history  (0  -  5,000  years  B.P.)  are  reflected  in  the  paleoflux. 
From  5,000  to  1,000  years  B.P.  (unit  II)  the  total  paleoflux  was 
comparatively  constant  even  though  the  higher  organic  carbon  paleoflux 
suggests  higher  primary  productivity  during  the  early  part  of  unit  II 
(5,000  -  3,000  years  B.P.);  the  lithogenic  paleoflux  during  that  time 
period  is  lowest  indicating  that  the  higher  organic  carbon  paleoflux 
could  not  be  explained  by  higher  input  of  terrigenous  carbon.  Higher 


productivity  is  also  indicated  by  data  from  Glenn  and  Arthur  (1985).  At 
L,000  B.P.  the  total  paleoflux  increased  rapidly  by  a  factor  of  3  when 
salinity  rose  to  a  level  acceptable  to  Emiliania  huxleyi.  The  lowest 

salinity  at  which  Emiliania _ huxleyi  survives  (11  %0 )  w as  reported  in 

the  Sea  of  Azov  by  Bukry  (1974).  The  production  of  coccol ithophor ids 
increased  the  carbonate  paleoflux  by  a  factor  of  11  at  the  transition 
from  unit  I  to  unit  II  at  1,000  years  B.P..  In  contrast,  the  organic 
carbon  and  lithogenic  paleoflux  in  unit  I  in  the  deep  basin  cores  5  &  18 
remained  at  a  similar  level  as  in  the  previous  4,000  years,  indicating 
that  the  abrupt  increase  in  total  paleoflux  was  caused  primarily  by  an 
increase  in  the  supply  of  Emiliania  huxleyi.  Variations  in  river  input 
probably  contributed  more  substantially  to  the  paleoflux  on  the  slope 
(core  35)  in  unit  I  where  the  terrigenous  matter  supply  from  the  Danube 
was  probably  relatively  high  as  it  is  today. 

The  organic  carbon  paleoflux  of  the  last  1,000  years  equals  the 
paleoflux  at  the  beginning  of  anoxic  conditions  5,000  years  B.P..  The 
lower  lithogenic  fraction  between  5,000  and  3,000  years  B.P.,  at  a  time 
when  the  organic  carbon  paleoflux  is  relatively  high,  suggests  that  a 
higher  percentage  of  the  organic  carbon  during  that  time  period  was 
supplied  by  primary  production,  assuming  the  terrigenous  organic  carbon 
content  in  rivers  remained  constant.  Relatively  higher  contribution  of 
marine  organic  carbon  compared  to  terrigenous  organic  carbon  is  also 
suggested  by  &'5C  data  from  Deuser  (1972)  and  Calvert  and  Fontugne 
(1987)  who  showed  highest  values  during  this  time  period.  Thus,  primary 


production  was  probably  higher  during  the  first  2,000  years  of  anoxic 
conditions  in  the  Black  Sea,  as  also  suggested  by  Glenn  and  Arthur 
(1985),  then  declined  between  3,000  and  1,000  B.P.,  and  increased  again 
after  1,000  B.P.,  concurrent  with  the  introduction  of  Emiliania  huxleyi. 

2.5.2.  Regional  variability 

The  contrast  between  present-day  particle  flux  at  site  BS  and 
paleoflux  at  sites  5  &  18  reflects  considerable  variability  in 
hemipelagic  deposition  in  the  Black  Sea.  This  variability  is  also 
reflected  in  the  different  composition  of  surface  sediments  (Muller  and 
Stoffers,  1974;  Shimkus  and  Trimonis,  1974).  The  hemipelagic  deposition 
in  any  given  region  is  essentially  a  result  of  the  relative  importance 
of  the  supply  of  riverine  and  biogenic  particles,  dispersed  regionally 
by  currents  and  during  storms  (chapter  1).  Riverine  particle  supply 
dominates  the  sedimentation  along  the  broad  fringes  of  the  Black  Sea  as 
indicated  by  the  high  lithogenic  contents  in  the  sediment. 

While  the  eastern  Black  Sea  today  is  presently  dominated  by  river 
input  from  the  Anatolian  mountains  and  the  Caucasus  (Shimkus  and 
Trimonis,  1974),  sedimentation  in  most  of  the  western  Black  Sea  is 
controlled  by  the  particle  supply  from  the  northwestern  Black  Sea  (see 
chapter  3).  Rivers  that  currently  drain  into  the  northwestern  area 
(Danube,  Dnepr,  Bug,  and  Dnestr)  provide  59  %  of  the  detrital  input  to 


the  Black  St- a  and  about  75  %  of  the  dissolved  salts  and  nutrients 
( Shimkus  and  Trimonis,  1974).  Biological  production  is  considerably 
nigher  river  the  Danube  shelf  (Shimkus  and  Trimonis,  1974)  than  at  the 
trap  site  BS.  The  shallow  water  depth  of  the  northwestern  region  and 
the  texture  of  the  shelf  sediments  (Muller  and  Stoffers,  1974)  suggest 
that  a  large  portion  of  the  biogenic  particles  are  transported  offshelf 
to  be  deposited  on  the  abyssal  plain.  In  the  central  regions  of  the 
Black  Sea  biogenic  carbonate  is  the  dominating  particle  source. 

Regional  variability  in  particle  supply  is  even  apparent  within  the 
relatively  closely  spaced  core  sites  5  St  18  in  unit  I.  The  average 
carbonate  paleoflux  in  core  5  is  15  %  higher  than  in  core  18,  whereas 
the  noncombus tible  paleoflux  in  core  5  is  about  50  %  lower  than  in  core 
18.  While  the  correlation  between  the  total  paleoflux  and  the  carbonate 
paleoflux  in  both  cores  is  significant,  correlation  between  the  total 
paleoflux  and  the  noncombustible  paleoflux  is  significant  only  in  core 
3.  At  core  site  5  the  supply  of  carbonate  may  be  higher  due  to  the 
proximity  of  the  productive  northwestern  shelf  region  (Shimkus  and 
Trimonis,  1974). 

2.3.3.  Seasonal  variability 

The  seasonal  contrast  between  the  major  flux  components,  lithogenics 
and  carbonate  is  not  as  pronounced  in  the  sediment  trap  record  as  in  the 


laminated  cores. 


This  contrast  has  to  be  related  to  the  different 


supply  of  these  materials,  since  they  both  remain  unaltered  after 
deposition.  Comparison  of  the  relative  carbonate  and  lithogenic 
concentration  for  the  individual  laminae  (Fig.  23)  shows  that  the 
carbonate  content  is  considerably  higher  in  the  white  bands  in  the  cores 


than  from 

June 

to 

January  (Phases  I  &  II) 

in 

the 

sediment  trap; 

the 

lithogenic 

content 

is  considerably  higher 

in 

the 

black  bands  in 

the 

cores  than 

f  rom 

February  to  May  (Phase  III) 

in 

the 

sediment  trap. 

This 

indicates 

that 

not 

only  the  total  particle 

supply  from  the  northwestern 

Black  Sea  is  considerably  higher,  but  also  the  seasonal  contrast  between 
the  major  components,  carbonate  and  lithogenics,  is  more  distinct.  The 
relatively  lower  carbonate  content  in  the  black  laminae  (cores)  compared 
to  Phase  III  (sediment  trap)  may  be  a  result  of  the  lower  terrigenous 
carbonate  content  in  the  Danube  compared  to  the  Turkish  rivers  (Shimkus 
and  Trimonis,  1974). 

The  timing  of  deposition  of  black  and  white  laminae  can  be  estimated 
for  sediment  trap  site  BS,  but  cannot  be  established  with  absolute 
certainty  for  the  entire  Black  Sea,  due  to  insufficient  recent 
biological  data  from  other  parts  of  the  Black  Sea.  Earlier  works  for 
the  western  Black  Sea  include  the  studies  by  Belogorskaya  (1959),  who 
reported  highest  coccolithophorid  concentrations  in  the  northwestern 
Black  Sea  in  spring,  and  Kovaleva  (1969)  who  reports  highest 
coccolithophorid  concentrations  in  the  Bay  of  Sevastopol  from  February 
to  April.  Reliable  time-series  data  on  the  annual  primary  production  in 


the  Black  Sea,  however,  appear  to  be  lacking  (Sorokin,  1982),  especially 
for  the  central  Black  Sea.  If  we  assume  similar  seasonal  phytoplankton 
dynamics  in  the  central  and  northwestern  areas  of  the  western  Black  Sea 
as  at  the  sediment  trap  site  BS,  the  deposition  of  the  white  bands 
occurs  during  Phases  I  i,  II.  In  Phase  I  (June  to  October),  the  particle 
supply  at  site  BS  consists  dominantly  of  coccoliths,  which  may  also  be 
true  for  the  central  and  northern  parts  of  the  western  Black  Sea.  A 
Coastal  Zone  Color  Scanner  (CZCS)  satellite  image  shows  a  massive 

phytoplankton  bloom  (Holligan,  1983;  Holligan,  1987,  pers,  comm.)  in 
these  areas  on  October  7,  1980  (Fig.  26).  With  the  onset  of  the  storms 
in  November,  resuspension  of  shelf  deposits  becomes  a  dominant  process 
in  the  supply  of  particles,  as  also  observed  in  the  East  China  Sea 
(Mil liman  et  al.,  1985a;  Milliman  et  al.,  1985b).  The  relative 
carbonate  content  in  the  white  laminae  or  the  particle  supply  in  Phases 
I  &  II  will  depend  on  the  relative  importance  of  local  supply  of 

biogenic  carbonate  versus  the  proximity  of  the  depositional  site  to  a 
source  of  lithogenic  particles.  The  relatively  high  productivity  of  the 
northwestern  Black  Sea  may  explain  the  relatively  high  carbonate  content 
in  the  white  bands  in  the  deep  basin  cores. 

Based  on  the  particle  supply  at  the  southwestern  Black  Sea,  the 
deposition  of  the  black  laminae  in  the  cores  coincides  approximately 
with  the  particle  flux  between  February  and  May  (Phase  III)  in  the 
sediment  trap  (Fig.  27).  Phase  III  is  the  time  period  of  highest  river 
discharge  for  the  Danube  (UNESCO,  1978),  as  well  as  for  the  Turkish 


Figure  26:  Coastal  Zone  Color  Scanner  (CZCS)  image  (channel  3)  of  the 
entire  Black  Sea  from  October  7,  1980.  The  higher  spectral 
reflectance  in  the  northwestern  and  western  Black  Sea 
indicates  a  phytoplankton  bloom,  possibly  a  bloom  of  the 
coccolithophorid  species  Emiliania  huxleyi.  (The  lighter 
areas  in  the  southern  Black  Sea  are  cloud  fields.) 
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Figure  27:  Temporal  relationship  between  the  depositional  phases 
observed  in  the  present-day  particle  flux  at  site  BS,  and  the 
resulting  black  and  white  laminae  in  the  sediment  record, 
based  on  the  understanding  of  the  temporal  dynamics  of  the 
biogenic  and  lithogenic  particle  supply  in  the  southwestern 
Black  Sea  (chapter  1).  Temporal  differences  in  the  particle 
supply  dynamics  in  other  parts  of  the  Black  Sea  may  vary. 
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rivers.  Phase  III  is  also  Che  time  period  of  the  maximum  diatom 
production  near  the  trap  site  BS  as  well  as  in  the  northwestern  Black 
Sea  (Morozova-Vodyanitskaja,  1948).  However,  because  of  substantial 
dissolution  of  silica  at  depth,  diatoms  are  relatively  ii  ^ignif icant 
contributors  to  the  sediment  record.  On  the  other  hand,  they  may  play 
an  important  role  in  the  generation  of  the  black  laminae  (Caraco  and 
Honjo,  1987). 

2.6.  CONCLUSIONS 

The  present-day  particle  flux  in  the  southwestern  Black  Sea  is  about 
5.5  times  smaller  than  the  paleoflux  over  the  last  1,000  years  (unit  I) 
in  the  central  part  of  the  western  Black  Sea.  The  present-day  carbonate 
flux  is  smaller  by  a  factor  of  11,  the  lithogenic  flux  by  a  factor  of 
3.  The  difference  is  caused  by  the  differences  in  the  particle  source 
area.  Site  BS  receives  particles  predominantly  from  the  Turkish  coast 
while  the  central  part  of  the  western  Black  Sea  receives  particles 
mostly  from  the  northwest,  where  supply  of  biogenic  and  lithogenic 
particles  is  considerably  higher.  Shelf-settled  particles  are  further 
resuspended  and  transported  offshelf  by  storms,  which  may  account  for 
the  pronounced  compositional  contrast  between  the  black  and  white 
laminae  in  unit  I.  Carbonate  content  in  these  white  laminae  averages  94 
%. 
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Throughout  the  anoxic  history  of  the  Black  Sea  over  the  last  5,000 
years  the  major  change  in  paleoflux  occurred  at  about  1,000  years  B.P. 
with  the  introduction  of  Emiliania  huxleyi.  The  three-fold  increase  in 
the  paleoflux  from  unit  II  to  unit  I  and  the  variability  in  the  total 
paleoflux  within  unit  I  of  the  western  Black  Sea  was  essentially  a 
function  of  variations  in  the  supply  of  Emiliania  huxleyi.  Within  unit 

II  the  variability  in  total  paleoflux  was  a  function  of  the  variations 
in  river  input  of  terrigenous  particles.  Over  the  last  5,000  years  the 
supply  of  terrigenous  particles  did  not  appear  to  change  significantly. 

The  timing  of  the  particle  supply  processes  is  reflected  in  the 
composition  of  the  sediment  trap  material  and  possibly  of  the  laminated 
bottom  sediments.  Based  on  data  from  station  BS,  the  sediment  deposited 
during  Phase  I  (coccolithophorid  bloom;  June-October )  and  Phase  II 
(shelf  resuspension;  Novembe r- January )  corresponds  with  the  deposition 
of  the  white  laminae  in  unit  I.  The  sediment  deposition  during  Phase 

III  (river  input,  bloom  of  dominantly  silicious  organisms;  February-May ) 
corresponds  with  the  deposition  of  the  black  laminae  in  that  unit. 


■ ' V.V. 


SUMMARY 


Annual  variability  in  the  flux  of  Ti,  A1 ,  Ni,  Cu,  organic  carbon, 
and  lithogenic  matter  was  studied  using  particulate  matter  from  two 
sites  in  the  southwestern  Black  Sea  (sites  BS  and  BSC).  Simultaneously, 
i 1 1 i te/montmoril Ionite  ratios  were  determined  from  a  one-year  record 
from  site  BS .  Data  were  integrated  with  relevant  measurements  from 
Black  Sea  shelf  and  basin  floor  sediments  as  well  as  suspended 
particulates  from  rivers. 

In  the  southwestern  Black  Sea,  terrigenous  matter  is  largely 
supplied  by  the  adjacent  Western  Anatolian  rivers.  Between  May  and 
September,  suspended  matter  from  the  Danube  appears  to  contribute  to  the 
lithogenic  flux  as  indicated  by  a  higher  Ti/Al  ratio.  The  time-series 
Ti/Al  ratio  varies  seasonally.  At  site  BS,  it  averages  0.048  (st.dev.: 
0.002)  from  October  to  March  and  0.061  (st.dev.:  0.003)  from  May  to 
September,  higher  by  about  30  %.  The  Ti/Al  ratio  in  the  October-Marcn 
period  reflects  the  ratio  measured  in  the  suspended  matter  from  the 
Western  Anatolian  rivers,  while  the  ratio  in  the  summer  resembles  the 
higher  ratio  of  the  Danube  shelf  particulates.  Comparison  of  the  Ti/Al 
ratio  with  the  time-series  illite/montmorillonite  ratios  in  the  trap 
samples  suggests  that  the  variability  in  the  Ti/Al  ratio  may  be  a  useful 
tracer  for  terrigenous  matter  (i)  from  the  Danube  in  the  Black  Sea  in 
particular,  and  (ii)  possibly  in  marine  environments  in  general. 
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j .  !  .  INTRODUCTION 

Presently  the  Black  Sea  is  a  giant  catch  basin  for  the  river 
discharge  of  half  of  Europe  and  part  of  Asia  Minor.  About  fcO  X  of  the 
particulate  and  dissolved  load  to  the  Black  Sea  comes  from  the  Danube 


c  ra i nage 

system,  20  X 

from 

the  Caucasian 

rivers 

Rioni 

and  Coruh,  and 

the 

remain ing 

20  \  from 

the 

Dnestr,  Bug, 

Dnepr, 

and 

the  Bulgarian 

and 

Ana to  1 ian 

rivers  (5h 

imkus 

and  Trimonis 

,  1974 

;  Table  8).  The  river 

discharge  of  the  Danube  is  highest  in  spring  with  discharge  reaching  a 
maximum  in  May  (UNESCO,  1978).  The  discharge  pattern  of  the  Western 

Anatolian  rivers  is  similar  but  with  a  discharge  maximum  in  March. 
Minor  amounts  of  detritus  are  supplied  from  shelf  and  shore  erosion, 
particularly  from  the  Danube  fan,  which  contributes  about  10  %  to  the 

total  detrital  input  to  the  Black  Sea  (Aybulatov  and  Novikova,  1984). 

The  Danube  therefore  has  a  profound  impact  on  the  supply  of 
terrigenous  particles  to  the  basin  floor  and  indirectly  to  biogenic 

particle  production  as  well,  via  the  supply  of  nutrients.  Glenn  and 
Arthur  ( 1 9S b )  calculated  that  only  75  %  of  the  nutrients  can  be 
ac^ou:; ted  for  by  upwelling  of  deeper  water;  the  remaining  25  X  were 
attributed  to  river  input.  The  Danube  river  input  is  expected  to 

influence  the  biocoenosis  as  well  as  the  temporal  and  geographic 
variability  in  the  particle  flux,  especially  in  the  western  Black  Sea. 


Shimkus  and  Trimonis  (1974) 

Degens  et  al.  (1978) 

computed  from  Muller  and  Stoffers  (1974) 
Anatolian  rivers:  this  chapter 

Danube:  Georgescu  et  al.  (1973) 


7':.-  'msiL-r  • •••kwis®  circulation  of  the  Black  Sea  has  caused 
.  . •-  r  an  t extend  more  towards  the  southwest  ( Neumann , 

i. ret.  t  -.apply  it  the  slope  along  the  Bulgarian  coast  has  :>*-er.  tw;i.e 
.>.«  in  t‘-o  western  R'ack  Sea  over  the  last  3,000  years  (Pogeus  et 
.  *h0;  -Inapt  or  _ ) .  while  the  coarser  fraction  of  the  river  input 
settles  cr.  trie  sriel  t  ,  the  finer  fraction  remains  in  suspension  longer, 
pos<:r>iy  reing  transported  to  the  southwestern  Black  Sea,  where  it 

-on tributes  to  the  particle  flux  in  that  area. 

A  currently  ongoing  sediment  trap  experiment  has  allowed  the 
investigation  of  tne  relative  importance  of  Danube  particulates  to  the 
overall  sedimentation  in  the  southwestern  Black  Sea.  In  this  study, 
sediment  trap  samples  were  used  to  measure  Ti,  A1 ,  Cu,  Ni,  and  the  clay 

minerals  ill  it-?  and  montmori L Ionite .  Data  were  compared  with  data  from 

relevant  rivers  and  bottom  sediments  from  the  Black  Sea  shelf  and 

slope.  The  focus  of  this  chapter  was  to  investigate  the  usefulness  of 
the  Ti/Al  ratio  in  comparison  to  the  i 1 1 i te/montmoril loni te  ratio  as 
tracers  for  seasonally  varying  input  of  terrigenous  matter  from  the 
Da nut e . 


3.2.  METHODS 


3.2.1.  Samples 

At  site  BS  two  time-series  sediment  traps  were  moored  in  vertical 
array  at  250  m  and  1,200  m  in  the  soutnwestern  Black  Sea  from  October 
28,  1982  to  April  6  ,  1987  (chapter  1;  Fig.  1).  The  project  was 
continued  in  the  aftermath  of  the  Chernobyl  accident  at  a  site  (site 
BSC)  further  to  the  west  of  the  initial  sediment  trap  site  (site  BS ) , 
beginning  on  June  19,  1986  (Buesseler  et  al.,  1987;  Kempe  et  al., 
1987).  The  average  sampling  interval  of  the  traps  was  2  weeks  at  site 
BS  and  7.5  days  at  site  BSC.  Further  technical  details  about  the 
mooring  itself  and  the  preparation  and  treatment  of  the  samples  is  given 
in  chapter  1. 


Samples  of  suspended 

river 

particles  were  collected 

f  rom 

the 

Western  Anatolian  rivers 

Filyos 

and  Kocacay  in  April, 

1983, 

and 

September,  1985,  respectively  (Fig.  1).  Landsat  imagery  has  shown  the 
significance  of  these  rivers  for  the  terrigenous  input  at  the  sediment 
trap  site  BS  (Fig.  7).  Shelf  sediments  (core  tops)  were  collected  along 
a  transect  from  Amasra  to  the  trap  site  BS  by  gravity  coring  with  the 
R/V  KOCA  PIRI  REIS.  Six  samples  from  the  outer  shelf  and  slope  of  the 
Danube  fan  were  analyzed  from  the  top  20  cm  of  cores  1442,  1443,  1444, 
1445,  1450,  1451,  and  146),  collected  by  gravity  coring  by  the  R/V 
ATLANTIS,  cruise  # 49.  One  sample  of  a  turbidite  bed  was  analyzed  from 
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gravity  core  18,  collected  during  the  R/V  CHAIN  cruise  120-1  in  1975 
(Degens  et  al.,  1980).  The  turbidite  was  deposited  at  around  500  years 
B.P.  as  determined  from  varve  counting  (Degens  et  al.,  1980). 


3.2.2.  Analysis 

Chemical  analyses  for  the  sediment  trap  samples,  river  and  shelf 
samples  for  the  components  carbonate,  organic  carbon,  biogenic  silica, 
and  lithogenic  matter  were  carried  out  after  the  method  described  in 
chapter  1.  Elemental  analysis  was  carried  out  by  inductively  coupied 
plasma  atomic  emission  spectrometry  (ICPES)  as  described  in  Floyd  et  al . 
(1980).  The  wavelengths  used  for  element  identification  were  337.265  nm 
(Ti),  396.138  nm  (Al),  327.369  nm  (Cu),  and  232.002  nm  (Ni).  As 
standards,  synthetic  aqueous  solutions  in  a  matrix  of  0.56  % 
weight/volume  LiB02  in  4  %  nitric  acid  were  used.  The  analytical 
precision  as  expressed  in  percent  relative  standard  deviation  for  Ti, 
Al ,  Cu,  and  Ni  using  ICPES  was  2  %.  At  site  BS,  samples  from  the  1,200 
m  trap  were  analyzed  from  May  3,  1984,  to  April  6,  1984.  From  the  250  m 
trap,  every  second  sediment  trap  sample  from  October  8,  1984,  to  March 
7,  1985  was  analyzed  (Oct  8,  Nov  7,  Dec  7,  Jan  6,  Feb  5,  Mar  7).  At 
site  BSC,  nine  samples  from  the  1,200  m  trap  were  analyzed  from  June  19, 
1986,  to  August  25,  1986.  From  the  250  m  trap  at  site  BSC,  two  samples 
were  analyzed  from  July  11  and  July  18,  1986.  The  elemental  and  the 


bulk  chemical  flux  data  were  normalized  to  the  Al  flux,  since  Al  is  a 


chemically  unreactive  component  of  clay  minerals  and  best  reflects 
riverine  input. 

For  the  clay  mineral  analysis  a  representative  split  of  the  <2  urn 
fraction  from  each  sediment  trap  sample  was  filtered  onto  a  silver 
membrane  filter  and  dried  at  20°C.  The  filter  was  then  mounted  in  an 
automatic  sample  holder  and  X-rayed  using  an  I.C.  X-ray  diffraction  unit 
between  the  angles  (20)  2°  and  40°  using  CuKa  radiation  and  a 
scanning  rate  of  2°/minute.  Each  sample  was  X-rayed  after  each  of  the 
following  three  steps:  (1)  drying  on  filter  at  room  temperature,  (2) 
vapor-induced  glycolation  with  ethylene  glycol  for  4  hours,  and  (3) 
heating  to  400  °C  for  1/2  hour.  Quartz  standards  were  run  daily  to 
accommodate  short-term  fluctuations  in  power  or  equipment  alignment. 
The  semi-quantitative  determination  of  the  clay  mineral  groups  was  done 
from  the  clay  mineral  peak  areas  using  the  classification  scheme  of 
Biscaye  (1965)  and  Poppe  and  Hathaway  (1986).  Clay  mineralogical  data 
from  Muller  and  Stoffers  (1974)  for  the  Danube  and  Turkish  rivers  as 
well  as  from  surface  sediments  of  the  basin  floor  were  used  for  the 
calculation  of  the  illite/montmorillonite  ratios  for  comparison  with  the 
sediment  trap  data. 


3.3.  RESULTS 


3.3.1.  Ti/'Al  Ratio 

In  the  Black  Sea  the  flux  of  Ti  is  closely  linked  to  the  A1  flux  (r 
=  0.99,  p  <  0.001,  n  =  31),  confirming  the  overwhelmingly  terrigenous 
sources  of  Ti  (Figs.  28  &  29).  Nevertheless,  the  time-series  Ti/Al 
ratio  varies  seasonally  (Fig.  30).  In  the  1,200  m  trap  the  Ti/Al  ratio 
averages  0.048  (st.dev.:  0.002)  from  October  to  March  and  0.061 
(st.dev.:  0.003)  from  May  to  September  at  site  BS,  higher  by  about  30  % 
(Table  9).  In  the  summer  of  1986  at  site  BSC,  the  Ti/Al  ratio  in  the 
1,200  m  trap  was  also  higher  with  an  average  value  of  0.056  (st.dev.: 
0.004)  in  the  1,200  m  trap.  Data  from  the  samples  in  the  250  m  traps 
from  both  sites  are  comparable  to  the  1,200  m  traps  (Fig.  30;  Table  9). 
A  t-test  of  the  difference  between  the  mean  May-September  value  of  0.061 
and  the  mean  October-March  value  of  0.048  (using  integral  sample  sizes) 
showed  that  these  means  were  significantly  different  from  each  other  at 
the  p  <  0.001  level  of  significance. 

Ti/Al  ratios  in  the  sediment  trap  samples  in  the  October-March 
period  resembles  the  Ti/Al  ratios  of  the  sediments  from  the  Western 
Anatolian  rivers  and  the  adjacent  shelf  and  slope  (Table  9).  Ti/Al 
ratios  of  the  sediments  near  the  mouth  of  the  Danube  and  from  the 
turbidite  derived  from  the  Danube  fan  more  closely  resemble  the  Ti/Al 
ratios  in  the  sediment  traps  for  the  May-September  period.  Ti/Al  ratios 


Figure  28:  Time-series  data  of  the  Ti  and  A1  flux  at  trap  sites  BS  and 


Figure  29:  Correlation  between  the  Ti  and  A1  flux  in  the  samples  of  the 
1,200  m  sediment  traps  of  sites  BS  and  BSC.  Data  were 
plotted  with  different  symbols  for  the  two  time  periods 
May-September  and  October-March. 
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Table  9:  Summary  of  Ti/Al  ratios  from  various  samples  of  the  sediment 
traps,  shelf  sediments,  and  river  sediments  used  in  the  study. 


Sample 

Water 

depth 

(m) 

Latitude 

(N) 

Longitude 

(E) 

Ti 

(X) 

A1 

(X) 

Ti/Al 

(  2  > 

Stand . 

dev. 

#  of 
samples 

Cores : 

Shelf  and 

slope  near  Amasra  (R/V 

K.  PIRI  REIS) 

85/1 

80 

41*  50.5' 

32° 

30.0' 

0.455 

8.64 

0.053 

1 

84/6 

200 

41°  49.0' 

32° 

26.0' 

0.485 

9.75 

0.050 

1 

84/2 

8  70 

41°  54.0' 

32° 

28.0' 

0.553 

11.45 

0.048 

1 

84/3 

1890 

42°  03.6' 

32° 

28.7' 

0.506 

10.41 

0.049 

1 

Shelf  near  the  Danube  river  mouth  ( 1 ’ 

0.411 

7.45 

0.057 

6 

Slope  of 

the  Danube  fan  (R/V  ATLANTIS 

II) 

0.225 

5.21 

0.043 

0.002 

7 

Turbidite 

,  western 

Black  Sea  (R/V  CHAIN) 

18/12 

2160 

42°  59' 

33° 

59' 

0.491 

7.85 

0.063 

1 

Suspended  sediment, 
Filyoa 

Kocacay 

W-Anatolian  rivers: 

0.398 

0.504 

7.52 

10.23 

0.053 

0.049 

1 

1 

Sediment  traps: 

250m  trap 

BS 

BSC 

(Oct/08/84-Mar/07/85) 
(Jul/U/86-Jul/ 26/86) 

o  o 

o  o 

L*  2> 

00  so 

0.003 

6 

2 

1,200m  trap 

BS 

(May/ 17/84-Sep/ 20/84) 

0.061 

0.003 

10 

BS 

(0ct/23/84-Mar/22/85) 

0.048 

0.002 

11 

BSC 

(Jun/l9/86-Aug/ 25/86) 

0.056 

0.004 

9 

BS+BSC 

(May-September ,  1984+1986) 

0.059 

0.004 

19 

Data  are 

obtained  from  Georgescu  et  al. 

(1973). 

Samples  were 

collected 

from  the  shelf  sediments  at  the  mouth  of  the  Danube  river. 
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If  the  number  of  samples  is  larger  than  l,  the  Ti/Al  ratios  represent 
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Figure  30:  Time-series  data  of  the  ratios  Ti/Al,  Lithogenics/Al , 
Carbonate/Al ,  ^ib.oqanic/Alj  Corg/Al,  Cu/Al,  and  Ni/Al 
for  the  250  m  and  1,200  m  sediment  trap  samples  from  sites  BS 
and  BSC  in  1984/85  and  1986.  The  carbonate  flux  in  the 
southwestern  Black  Sea  consists  dominantly  of  biogenic 
carbonate  produced  by  Emiliania  huxleyi  (Trimonis,  1974; 
chapter  1).  The  Sibio9>njc  flux  in  the  southwestern  Black 
Sea  consists  dominantly  of  diatoms  and,  to  a  lesser  extent, 
silicof lagellates  (Benli,  1987;  chapter  1). 


Site  BSC 


Figure  32:  Correlations  between  the  Ti/Al  ratios  and  the  C0rg./Al, 
lithogenics/Al ,  Sih i og« n 1 c /A1 ,  and  the  carbonate/Al  ratios 
as  well  as  correlations  between  the  Corg./Al  ratio  and  the 


Cu/Al  and  Ni/Al  ratios  for  the  1,200  m  trap  samples. 
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from  the  slope  of  the  Danube  fan  (R/V  ATLANTIS  II  cores)  were  lower, 
however,  with  an  average  of  0.044. 

The  seasonal  variability  of  the  Ti/Al  ratio  is  not  related  to  the 
variability  in  the  lithogenic  flux  (Fig.  31).  The  correlation  between 
the  Ti/Al  ratio  and  the  lithogenic  flux  is  0.01  from  samples  of  the 
1,200  m  traps,  suggesting  that  the  ratio  is  independent  of  the  absolute 
lithogenic  flux.  On  average,  the  lithogenic  flux  in  the  1,200  m  traps 
is  high  during  all  times  of  the  year  (Figs.  28  &  31).  The  relative  Al 
content  in  the  lithogenic  flux,  however,  varies  seasonally,  indicating 
different  sources  of  terrigenous  matter  during  different  time  periods  in 
the  year.  The  lithogenics/Al  ratio  is  significantly  correlated  with  the 
Ti/Al  ratio  (r  =  0.57,  p  <  0.001,  n  =  31,  1,200  m  traps)  (Fig.  32), 
suggesting  that  also  the  variability  in  the  Ti/Al  ratio  is  caused  by 
different  terrigenous  sources. 

The  organic  carbon  flux  is  largest  during  the  summer  with  smaller 
values  from  fall  to  spring  (Fig.  31).  The  largest  organic  carbon  flux 
coincides  with  the  time  of  the  coccol ithophorid  bloom  (chapter  l).  As 
expressed  by  the  C0rg/Al  ratio,  the  organic  carbon  flux  is  highest 
relative  to  the  terrigenous  matter  flu.  between  July  and  September  (Fig. 


3.3.2.  Illite/montmorillonite  ratio 


The  suspended  matter  of  the  Danube  has  a  distinctly  different 
illite/montmorillonite  ratio  compared  to  the  Western  Anatolian  rivers 
(Fig.  33),  as  calculated  from  data  presented  by  Muller  and  Stoffers 
(1974).  While  the  Danube  has  a  ratio  of  5.29,  the  Western  Anatolian 
rivers  Sakarya  Nehri  and  Filyos  have  a  ratio  of  0.53  and  1.07, 

respectively.  The  smaller  river  Kocacay  has  a  relatively  high  ratio  of 
7.0;  however,  based  on  its  river  discharge  it  is  relatively 

insignificant  in  its  suspended  sediment  input  to  the  Black  Sea  (Table  8). 

The  distribution  of  the  illite/montmorillonite  ratio  in  the  Black 
Sea  basin  floor  sediments  reflects  the  dispersal  pattern  of  terrigenous 
particles  (Fig.  33).  The  western  Black  Sea  is  dominated  by  terrigenous 
input  of  the  Danube  while  the  southern  Black  Sea  along  the  Anatolian 
coast  receives  dominantly  sediment  from  the  adjacent  Turkish  rivers. 
Illite/montmorillonite  ratios  in  the  northeastern  Black  Sea  probably 
reflect  the  input  from  the  Caucasus  mountains,  although  no  clay 
mineralogical  data  are  readily  available  at  present  from  the  respective 
Russian  rivers. 

Illite/montmorillonite  ratios  in  the  1,200  m  trap  in  the  summer  and 
early  fall  (Phase  I,  June-September )  are  comparatively  stable,  centering 
around  1.9  (Fig.  34).  In  late  fall  and  winter  (Phase  II, 
October-January ) ,  the  illite/montmorillonite  ratio  displays  a  high 
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Figure  33:  Distribution  of  illite/montmorillonite  ratio  in  the  surface 
sediments  of  the  Black  Sea,  the  Danube  and  the  Western 
Anatolian  rivers.  The  ratios  are  calculated  from  samples 

collected  during  the  R/V  ATLANTIS  cruise  #49  in  1969  from 
data  presented  ly  Muller  and  Stoffers  (1974).  The  sediment 
trap  sites  BS  and  BSC  are  marked. 
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between-sample  variability  with  a  mean  value  similar  to  that  in  the 
preceding  summer  months.  In  late  winter  to  spring  (Phase  III, 
February-April )  the  ratio  drops  by  about  a  factor  of  2,  averaging  about 


3.4.  SEASONAL  VARIABILITY  OF  THE  Ti/Al  RATIO  -  DISCUSSION 

Possible  explanations  for  the  higher  Ti/Al  ratio  in  the  sediment 
trap  samples  could  be  (1)  seasonal  variability  in  the  supply  of 
terrigenous  matter  from  different  sources,  (2)  seasonal  variability  in 
the  composition  and  grain  size  of  the  lithogenic  matter  from  one  source, 
and  (3)  biological  uptake  of  Ti  during  the  May-September  period,  either 
directly  by  the  organisms  or  by  adsorption  onto  settling  biogenic 
matter.  Each  possibility  is  briefly  discussed  and  evaluated  as  an 
explanation  for  the  observed  seasonal  variability  of  the  Ti/Al  ratio  in 
the  particle  flux  of  the  southwestern  Black  Sea. 


3.4.1.  Seasonal  variability  in  the  terrigenous  sources 

Titanium  is  a  minor  constituent  in  most  aluminosilicates  (Table 
10).  Migdisov  (1960)  studied  Ti  in  a  large  number  of  sediments  from  the 
Russian  platform  and  concluded  that  the  geochemical  cycles  of  Ti  and  A1 
are  very  similar.  Both  elements  have  a  relatively  low  solubility  and 
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Table  10:  Characteristic  Ti/Al,  Cu/Al,  and  Ni/Al  ratios  in  various  types 
of  rocks. 


GENERAL 

Ti/Al 

Cu/Al 

Ni/Al 

(1)  after  Turekian  and  Wedepohl , 

1961 

Basa  1  tic 

0.18 

0.0011 

0.0017 

Granitic  (low  calcium) 

0.017 

0.00013 

0.000063 

(high  calcium) 

0.040 

0.00037 

0.00018 

Sedimentary  rocks 

shales 

0.058 

0.00056 

0.00085 

sandstones 

0.06 

- 

0.000080 

carbonates 

0.095 

0.00095 

0.0048 

Deep  sea  sediments 

carbonate 

0.039 

0.0015 

0.0015 

clay 

0.055 

0.0030 

0.0027 

(2)  after  Taylor,  1964 

Crustal  average 

0.0693 

0.000668 

0.000911 

Basaltic  average 

0.103 

0.00114 

0.00171 

Granitic  average 

0.0299 

0.00013 

0.0000065 

V  i  v  V 


hence  are  concentrated  as  residual  products  of  chemical  weathering.  The 
Ti/Al  ratio  in  weathering  products  of  rocks  is  very  dependent  on  source 
area.  Highest  Ti/Al  ratios  exist  in  mafic  rocks;  the  Ti/Al  ratios  in 
felsic  rocks  is  low  (Table  10).  The  high  Ti/Al  ratios  found  in  mafic 
igneous  rocks  is  probably  reflected  in  the  residual  clays  (Migdisov, 
1960). 

Ti  in  marine  sediments  is  mostly  derived  from  weathered  continental 
minerals  (Chester  and  Aston,  1976).  The  close  association  of  Ti  with 
terrigenous  matter  was  shown  by  Brewer  et  al.  (1980),  who  studied 
elemental  fluxes  throughout  the  North  Atlantic  water  column  (E  site,  380 
miles  east  of  Barbados  on  the  Demerara  Abyssal  Plain).  With  depth,  the 
Ti/Al  ratio  remained  quite  constant  with  ratios  of  0.052,  0.053,  0.052 
and  0.057  at  389  m,  988  m,  3,755  m  and  5,086  m,  respectively  (Brewer  et 
al.,  1980). 

Seasonal  variability  in  the  supply  of  terrigenous  particles  from 
different  sources  is  a  possible  explanation  for  the  seasonal  variability 
in  the  Ti/Al  ratio  in  sediment  trap  samples.  The  Ti/Al  ratio  reflected 
in  the  Western  Anatolian  river,  shelf,  and  slope  sediments  resemble  the 
ratio  found  for  the  October-March  period  in  the  sediment  trap. 
Discharge  of  the  Western  Anatolian  rivers  is  highest  between  December 
and  April  (Fig.  6a),  transporting  high  loads  of  suspended  matter  as  seen 
also  in  the  Landsat  image  from  April  27,  198^*  (Fig.  7).  The  Ti/Al  ratio 
in  October  and  November,  when  river  discharge  of  the  Western  Anatolian 


rivers  is  relatively  low,  could  be  explained  by  resuspension  and 
of fshelf-transport  of  terrigenous  sediment  by  storms  with  the  beginning 
of  the  storm  season  in  the  fall  (chapter  1). 

The  higher  Ti/Al  ratio  in  the  May-September  period  could  be  the 
result  of  an  increase  in  the  contribution  of  terrigenous  matter  from  the 
Danube  to  the  particle  flux  at  the  trap  sites.  The  Ti/Al  ratio  in  the 
sediments  at  the  mouth  of  the  Danube  is  0.057  (Georgescu  et  al.,  1973  ). 
In  addition,  if  the  chemical  compositions  of  the  phytoplankton  samples 
from  the  NW  Black  Sea  measured  by  Vinogradova  and  Kovalskiy  (1962)  are 
indeed  biased  by  contamination  with  aluminosilicates  (see  section 
3.4.3.),  then  the  Ti/Al  ratio  of  these  samples  reflects  the  Ti/Al  ratio 
of  the  suspended  aluminosilicates  from  that  area.  The  Ti/Al  ratio 
measured  by  Vinogradova  and  Kovalskiy  (1962)  in  the  diatom  samples 
centered  around  0.08  (Table  11). 

The  extent  of  fine-grained  sediment  dispersal  by  outflow  of 
particulate  matter  from  the  Danube  is  shown  by  the  distribution  of  the 
higher  illite/montmorillonite  ratios  in  the  western  Black  Sea  surface 
sediments  (Fig.  33).  Sediments  with  a  ratio  more  characteristic  c  c  the 
Danube  particulates  cover  most  of  the  western  Black  Sea.  The  Danube 
discharge  is  highest  between  March  and  July  (Fig.  bo).  At  a  current 
speed  of  5-20  km/day  (Neumann,  1942)  and  a  counterclockwise  circulation 
system  (Neumann,  1942)  the  suspended  matter  from  the  Danube  would  arrive 
at  the  trap  sites  one  to  two  months  after  it  entered  the  Black  Sea,  i.e. 


Table  11:  Ti  and  A1  concentration  in  planktonic  organisms  in  the  Black 
Sea  (from  Vinogradova  and  Koval 'skiy,  1962).  High  A1  content 
indicates  the  ossibility  of  contamination  of  the  plankton 
samples  by  ay  minerals.  Data  were  determined  by 
spec t rographic  analysis  (Floyd  et  al,  1980). 


Organism 

Ti 

(%  in  ash) 

Al 

(%  in  ash) 

Ti/Al  ratio 

Diatoms 

Chaetoceras  curvistis 

0.15 

2. 0-4.0 

0.037-0.075 

N'itzschia  seriata 

0.015 

0.15-0.2 

0.075-0.100 

Melosira  granulata 

0.015-0.02 

0.15 

0.075-0.133 

Rhizosolenia  calcar  avis 

0.01-0.02 

0.2-0. 3 

0.033-0.100 

Zooplankton 

Calanus  helgolandicus 

0.006-0.007 

0.1 

0.060-0.070 

Anomalocera  &  Pontella 

0.004 

0.2-0.25 

0.016-0.020 

Copepoda  (small) 

0.06-0.07 

>3.0 

<0.023 

0.04-0.05 

0.4-0. 5 

0.080-0. 125 

Sagitta  setosa  &  S.  euxina 

0.05 

0.6-0. 7 

0.071-0.083 

Pleurobranchia  pileus 

0.0025 

0.05 

0.050-0.060 

particles  transported  into  the  Black  Sea  during  the  Danube  discharge 
peak  would  arrive  at  the  trap  site  between  May  and  September.  This 
period  coincides  with  the  time  of  lowest  storm  activity  in  the  area  and 
aiso  lowest  river  discharge  of  the  Western  Anatolian  rivers;  discharge 

of  the  Sakarya  Nehri  and  Kocaeay  decreases  by  more  than  a  factor  of 

three  (Fig.  6a). 

The  i  1 1  i te/montmor i i loni te  ratio  in  the  sediment  trap  material 
generally  supports  the  conclusions  drawn  from  the  Ti/Al  ratios  of  the 
same  material.  The  lowest  ratios  exist  in  late  winter  and  spring 
( February-Apr il ) ,  resembling  the  i 1 1 i te/montmor il loni te  ratio  of  the 
Black  Sea  surface  sediments  in  that  area  (Fig.  34),  largely  derived  from 
local  sources.  In  summer  ( June-September ) ,  the  i 1 1 i te/montmor i 1 loni te 
ratio  is  on  average  about  twice  as  high  (Fig.  34),  suggesting 
contribution  of  terrigenous  matter  from  the  Danube,  which  has  a 
considerably  higher  ratio  (Fig.  23).  Correspondence  between  the 
i  1 1  i te/montmor illonite  ratio  in  the  fall  of  1983  and  the  Ti/Al  ratio  in 
the  fall  of  1984,  however,  is  not  quite  as  good.  Possible  cause  for 

this  discrepancy  could  be  a  different  storm  pattern  and  thus 
resuspension  intensity  in  the  fall  of  those  two  years.  Brewer  and 
Spencer  (1974)  suggested  that  about  78  %  of  the  detrital  river  input  to 
the  Black  Sea  is  deposited  on  the  shelf  areas  and  close  to  the  river 

mouths,  while  22  %  remains  in  suspension.  Sporadic  storms  could  also 
explain  the  relatively  large  range  in  i  1 1  i te/montmor il loni te  ratios  in 


Phase  1 1 . 


The  existing  data  for  the  Ti/Al  and  illite/montmorillonite  ratios, 
as  well  as  the  phase  lag  between  peak  discharge  for  the  Western 
Anatolian  rivers  and  the  Danube,  supports  the  conclusion  that  seasonal 
variability  in  the  input  of  terrigenous  matter  from  the  Danube  could  be 
at  least  partially  responsible  for  the  higher  Ti/Al  ratio  for  the 
May-September  period  in  the  sediment  traps. 

3. 4.2.  Variability  in  grain  size  of  the  terrigenous  matter 

Ti  is  preferentially  concentrated  in  the  coarser  sediment  fraction 
(Spears  and  Kanaris-Sotiriou,  1976;  Migdisov,  1960;  Sholkovitz,  1979), 
since  Ti  tends  to  be  concentrated  in  heavier  minerals  more  resistant  to 
weathering.  Ti-bearing  minerals  include  ilmenite,  and,  to  a  lesser 
extent  rutile,  titanite,  anatase,  brookite,  and  sphene  (e.g.  Morad  and 
Aldahan,  1982).  Compared  to  argillaceous  rocks  (0-40  %  quartz),  Spears 
and  Kanaris-Sotiriou  (1976)  measured  a  37  %  higher  Ti/Al  ratio  in 
siltstones.  Migdisov  (1960)  measured  a  30  %  higher  Ti/Al  ratio  in  sands 
and  silts  than  in  clays.  However,  the  time  period  when  the  Ti/Al  ratio 
is  lowest  in  the  Biack  Sea  sediment  trap,  October  to  March,  represents 
the  time  period  of  highest  surface  water  agitation  due  to  storms  and 
highest  river  discharge,  when  coarser  grain  size  of  particulate  matter 
in  the  Black  Sea  rather  than  finer  sizes  should  be  present.  In 
addition,  the  Anatolian  shelf  sediment  should  have  a  higher  Ti/Al  ratio 


then  the  sediment  trap  samples  due  to  their  coarser  gram  size.  Thus, 
seasonal  variability  in  grain  size  of  the  terrigenous  matter  does  not 
appear  to  influence  the  observed  annual  variability  in  the  Ti/Al  ratio 
of  the  particulate  matter  in  the  southwestern  Black  Sea  as  observed  in 
the  sediment  traps. 

3.4.3.  Association  of  Ti  with  biogenic  matter 

Data  on  the  distribution  of  Ti  in  the  water  column  are  very  sparse 
at  present.  The  concentration  in  sea  water  is  quite  low.  Griel  and 
Robinson  (1952)  measured  Ti  concentrations  of  <20  nmol/kg  which  was 
their  detection  limit.  Average  Ti  concentration  in  the  oceans  is 
probably  in  the  picomolar  range  (Bruland,  1987,  pers.  comm.).  In  the 
water  column,  Ti  exists  as  hydrated  species  probably  in  the  form  of 
Ti(0H)4  rather  than  as  Ti4*  (Bruland,  1983).  Available 
information  on  the  association  of  Ti  with  planktonic  organisms  is  varied 
and  inconclusive.  The  mechanisms  by  which  Ti  could  conceivably  be 
associated  with  organisms  include  incorporation  into  the  skeletons  of 
organisms,  intake  of  aluminosilicates  by  zooplankton,  and  adsorption  of 
Ti  onto  sinking  particles.  Biological  uptake  of  Ti  into  the  organic 
tissues  of  organisms  is  not  likely  based  on  biochemical  constraints 
(Brewer,  1987,  pers.  comm.). 

The  occurrence  of  Ti  in  marine  organisms  has  been  reported  by  some 


authors  (e.g.  Griel  and  Robinson,  1952;  Nicholls  et  al.,  1959;  Bostrom 
et  al.,  1979;  Matsunaga,  1982).  Price  and  Doff  (1981)  tentatively 
suggested  that  the  elevated  Ti  content  in  suspended  particulate  matter 
from  the  northeast  Atlantic  Ocean  may  be  caused  by  incorporation  into 
the  skeletons  of  organisms.  Biological  uptake  of  Ti  by  phytoplankton 
was  postulated  by  Sholkovitz  and  Price  (1980)  who  studied  the 
major-element  chemistry  of  the  suspended  matter  in  the  Amazon  Estuary. 
In  contrast,  Thompson  and  Bowen  (1969)  studied  coccolith  ooze  and  found 
no  enrichments  in  the  calcite  skeletons.  Goldberg  (1954)  attributed 
most  of  the  Ti  found  in  marine  organisms  to  ingestion  of  scavenged 
particles  out  of  the  water  column.  Similarly,  Goldberg  and  Arrhenius 
(1958)  did  not  find  unusually  high  Ti/Al  ratios  in  deep  sea  sediments 
with  a  high  biogenic  component.  Simple  digestion  of  aluminosilicates  by 
zooplankton  with  subsequent  excretion  should  have  no  impact  on  the  Ti/Al 
ratio. 

The  elemental  composition  of  the  organic  and  skeletal  fractions  of 
phytoplankton  was  studied  in  detail  by  Martin  and  Knauer  (1973)  in 
samples  from  various  sites  in  the  Pacific  Ocean.  Ti  was  measured  in 
silicious  diatom  frustules  in  phytoplankton  group  I  (which  was  not 
considered  contaminated  by  clays),  with  a  Ti/Al  ratio  of  0.19.  No  Ti 
was  detected  in  the  organic  fraction  in  this  group. 

In  a  second  phytoplankton  group,  Martin  and  Knauer  (1973)  reported 
higher  Ti  and  Al  concentrations  with  a  Ti/Al  ratio  of  0.061,  but 


concluded  that  this  group  was  probably  contaminated  with  clay  minerals. 
By  comparing  their  uncontaminated  data  from  phytoplankton  group  I  to 
data  reported  by  Vinogradova  and  Kovalskiy  (1962)  from  the  NW  Black  Sea 
and  from  Riley  and  Roth  (1971)  from  the  Irish  Sea,  Martin  and  Knauer 
(1973)  concluded  that  the  higher  concentrations  found  by  these  authors 
were  possibly  a  result  of  clay  contamination.  Contamination  in  the 
phytoplankton  samples  by  Vinogradova  and  Kovalskiy  (1962)  is  likely 
considering  the  relatively  high  A1  content  in  the  organisms  (Table  11). 
The  high  concentrations  of  Ti  in  diatoms  found  by  Griel  and  Robinson 
(1952)  could  possibly  also  have  resulted  from  contamination  during 
sampling. 

In  the  southwestern  Black  Sea  the  dominant  planktonic  organisms  are 
coccol ithophor ids  (Emiliania  huxleyi),  diatoms,  and,  to  a  lesser  extent, 
dinof lagellates  and  silicof lagellates  (Benli,  1987;  chapter  1).  There 
are  no  radiolarians  or  f oraminif eras .  The  absence  of  correlation 
between  the  Ti/Al  ratio  and  the  Sib i o 9 « n 1 c /A1  and  carbonate/Al  ratios 
indicates  that  uptake  of  Ti  into  the  skeletons  of  coccol ithophorids  and 
silicious  phytoplankton  is  not  an  important  process  in  the  southwestern 
Black  Sea.  Coprecipitation  of  Ti  with  other  metal  sulfides  is  not 
likely  since  Ti  has  no  important  redox  chemistry  (Boyle,  1987,  pers. 
comm. ) . 

A  more  likely  mechanism  could  be  adsorption  of  Ti  onto  sinking 
organic  matter.  Adsorption  is  suggested  by  the  correlation  between  the 


Corg/AL  ratio  and  the  Ti/Al  ratio  which  is  significant  at  p  <  0.02 
(r  =  0.43,  n  =  31,  1,200  m  traps)  for  the  entire  sampling  period  (Fig. 
32).  The  significance  level  increases  to  p  <  0.001  (r  =  0.65;  n  =  23, 
1,200  m  traps)  for  the  correlation  between  the  two  ratios  from  late 
summer  to  spring  (July  1984  to  March  1985,  site  BS,  and  June  to  August 
1986,  site  BSC).  During  the  late  spring  to  early  summer  (May-July, 
1984),  the  Ti/Al  and  Corg/Al  ratios  do  not  correspond  as  well, 
suggesting  the  likelihood  for  another  process  responsible  for  the 
enrichment  of  Ti. 

In  order  to  better  evaluate  the  possibility  of  adsorption  of  Ti 
onto  sinking  organic  matter,  the  time-series  Ti/Al  ratio  was  compared  to 
the  time-series  metal/Al  ratios  for  Cu  and  Ni  which  are  known  to  be 
taken  up  biologically,  namely  Cu  and  Ni  (e.g.  Bowen,  1966;  Calvert  and 
Price,  1970;  Riley  and  Chester,  1971;  Chester  et  al . ,  1978).  These 
trace  elements  have  been  found  concentrated  in  marine  organisms  because 
they  are  needed  in  metal-dependent  enzyme  systems  of  the  organisms  (e.g. 
Fowler  and  Knauer,  1986).  Biological  uptake  of  Cu  in  the  Black  Sea  was 
also  indicated  by  data  from  Zhorov  et  al .  (1983)  who  studied  the 
concentration  of  Cu  in  the  bottom  sediments  and  observed  a 
correspondence  between  high  Cu  content  and  high  organic  carbon  content. 
In  addition,  the  formation  of  metal  sulfides  could  occur  as  a  separate 
process  (e.g.  Brewer  and  Spencer,  1974;  Suess,  1979;  Luther  et  al., 
1980),  apart  from  the  possibility  that  metals  may  be  associated  with 
organic  matter  in  the  same  manner. 
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Correlation  between  the  Cu/Al  ratio  and  the  C0r9/Al  ratio  is 
significant  (r  =  0.83,  p  <  0.00L,  n  =  31,  1,200  m  traps;  Fig.  32). 
The  correlation  between  the  Ni/Al  and  the  Corq/Al  ratio  is  significant 
at  p  <  0.01  with  r  =  0.53  (n  =  31,  1,200  m  traps;  Fig.  32).  These 
results  indicate  that  Cu  and  Ni  are  closely  associated  with  organic 
carbon.  Correlations  between  Ti/Al  ratio  and  Cu/Al  and  Ni/Al  ratios  are 
0.48  (p  <  0.01,  n  =  31)  and  0.35  (p  <  0.05,  n  =  31),  respectively. 

However,  considering  the  observation  that  dissolved  Ti  occurs  only 
in  very  low  concentrations  in  the  ocean,  the  enrichment  factor  for  Ti 
onto  organic  matter  due  to  adsorption  would  have  to  be  considerably 
higher  than  for  Cu  and  Ni.  Cu  is  concentrated  in  the  oceans  between 
about  0.5  and  6  nmol/kg,  Ni  between  about  2  and  12  nmol/kg  (Bruland, 
198j;.  In  the  Black  Sea,  Westerlund  (1986)  recently  measured  5  nM  for 
Cu  and  8  nM  for  Ni  in  the  oxic  surface  water,  and  0.15  nM  for  Cu  and  9 
nM  for  Ni  in  the  anoxic  deep  water.  In  contrast,  the  concentration  of 
Ti  in  the  oceans  is  less  than  1  nM  (Bruland,  1987,  pers.  comm.),  and 
thus  is  lower  by  several  orders  of  magnitude. 

The  enrichment  of  trace  metals  on  organic  matter  can  be  estimated, 
if  we  use  the  Cu/Al,  Ni/Al,  and  Ti/Al  ratios  of  the  suspended  matter  of 
the  Western  Anatolian  rivers  as  a  baseline.  The  "excess"  content  of 
e.g.  Ti  in  the  biogenic  matter  of  the  particle  flux  of  the  trap  can  then 


be  calculated  as 


"Excess"  Ti  flux«ay-s.P  =  Ti  fluxM,y-S.P  -  [ —  nv  *  A1  f luxM» y - s « P  ] 

A1 

Flux  is  measured  in  mg  m~2  day"1.  If  we  calculate  the  biogenic 
particle  flux  as 

Biogenic  flux  =  Total  flux  -  Lithogenic  flux 

it  follows  that 

"Excess"  Ti  flux 

Tiblog.  matter  (ppm)  =  -  *  1,000,000 

Biogenic  flux 

Results  (Table  12)  show  that  the  "excess"  Ti  content  during  the 
May-September  period  is  higher  by  about  a  factor  of  two  compared  to  the 
"excess"  Cu  and  Ni  content.  Considering  that  the  dissolved  Ti  content 
in  the  ocean  is  typically  several  orders  of  magnitude  lower  than  the 
dissolved  Cu  and  Ni  content,  the  enrichment  factor  of  Ti  must  be  several 
orders  of  magnitude  higher  compared  to  Cu  and  Ni  in  order  to  explain  the 
"excess"  Ti  content  in  the  May-September  period  in  the  biogenic  matter 
in  the  sediment  traps  with  the  mechanism  of  adsorption  onto  organic 
matter.  An  exceptionally  high  enrichment  factor  for  Ti  is  quite 
unlikely  (Boyle,  1987,  pers.  comm.),  unless  the  Black  Sea  contains 
considerably  higher  dissolved  Ti  concentrations  than  the  world  oceans. 


Table  12:  'Excess'  Cu,  Ni,  and  Ti  concentrations  m  the  biogenic  matter 
of  the  particle  flux  in  the  1,200m  sediment  trap  at  site  BS 
for  the  time  periods  May/ 1 7/89-Sep/20/89  and 

Oc  t  /  23/89-Mar/ 22/85 .  Flux  is  measured  in  mg  m ""  day  . 
The  negative  "excess"  Ti  flux  for  the  October-March  period  is 
a  result  of  the  slightly  higher  Ti/Al  ratio  in  the  two 
suspended  sediment  samples  of  the  Western  Anatolian  rivers 
used  as  a  baseline  rather  than  the  particulate  matter  in 
sediment  trap  during  this  period. 


Western 

F i lyos 

Anatol ian 

Kocacay 

rivers 

Average 

Sed iment 

May-Sept . 

trap  (site  BS ) 

Oc  t . -March 

n 

1 

1 

2 

10 

11 

Cu  (ppm) 

96 

50 

98 

Ni  (ppm) 

78 

95 

62 

Ti  (ppm) 

3978 

5090 

9509 

A1  (%) 

7.52 

10.23 

8.88 

Cu  flux 

0.0163 

0.0196 

Ni  flux 

0.0120 

0.0129 

T i  flux 

0.165 

0.295 

A1  flux 

2.752 

5.087 

Cu/Al 

0.000591 

Ni/Al 

0.000698 

Ti/Al 

0.053 

0.099 

0.051 

0.061 

0.098 

Total  flux 

91.1 

117.9 

Lithogenic 

flux 

29.0 

22.8 

Biogenic  flux 

67.1 

95.1 

"Excess"  Cu 

flux 

0.0198 

0.0118 

"Excess"  Ni 

flux 

0.0101 

0.0093 

"Excess"  Ti 

flux 

0.0296 

-0.0199 

Cu  content,  biogenic  matter  (ppm) 


221 
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In  conclusion,  adsorption  of  Ti  onto  settling  organic  matter  may 
contribute  to  the  relatively  higher  Ti  concentrations  in  the 
May-September  period  in  the  sediment  trap  samples  as  indicated  by  the 
significant  correlation  between  the  C0rg/Al  ratio  and  the  Cu/Al  and 
Ni/Al  ratios.  Biological  uptake  of  Ti  into  the  skeletons  of  organisms 
appears  to  be  insignificant.  The  high  Ti/Al  ratio  from  May  to  July, 
1984,  however,  cannot  be  conclusively  linked  to  biological  processes 
from  the  available  data.  Adsorption  as  exclusive  mechanism  to  explain 
the  relatively  higher  Ti  concentrations  is  not  likely,  given  the  high 
enrichment  factor  required. 


3.4.4.  Other  causes 


There  are  other  causes  reported  in  the  literature  for  elevated 
Ti/Al  ratios.  Migdisov  (1960)  observed  a  relationship  between  climate 
and  the  Ti/Al  ratio.  Typically,  the  Ti/Al  ratio  in  sands  from  humid 
climates  was  higher  due  to  preferential  chemical  weathering  of  the 
aluminosilicates  compared  with  the  more  resistant  Ti02  minerals.  This 
relationship  was  not  observed  in  finer  elastics,  however,  and  probably 
does  not  apply  to  the  suspended  matter  in  the  Black  Sea.  Boyle  (1983) 
found  a  positive  correlation  between  the  Ti/Al  ratio  and  the 
accumulation  rate  of  aluminosilicates  in  the  Peru  current  region  and 
attributed  the  higher  ratio  to  increased  eolian  transport  during  colder 
climates,  which  could  be  related  to  source  area  or  grain  size.  The 
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variability  in  his  data  in  the  Ti/Al  ratio,  however,  was  one  order  of 
magnitude  lower  than  the  variability  observed  in  the  Black  Sea.  In 
addition,  due  to  the  close  proximity  of  the  Black  Sea  sediment  trap 
sites  to  river  sources,  eolian  input  as  a  terrigenous  particle  source  is 
relatively  insignificant. 


3.5.  CONCLUSIONS 

The  Ti  and  A1  content  in  the  particle  flux  in  the  southwestern 
Black  Sea  is  very  highly  correlated.  However,  the  Ti/Al  ratio  varies 
significantly  with  season.  The  ratio  is  higher  from  May  to  September 
and  lower  from  October  to  March.  At  site  BS  it  is  higher  on  average  by 
30  %.  There  are  two  hypotheses  that  could  explain  the  seasonal 
variability  in  the  Ti/Al  ratio. 

The  most  likely  explanation  for  the  higher  Ti/Al  ratio  in  the 
May-September  period  is  a  higher  contribution  of  Danube  river 
particulates.  This  conclusion  is  supported  by  higher  Ti/Al  ratios  from 
relevant  shelf  and  river  sediments,  time-series  illite/montmorillonite 
ratios  in  the  trap  samples,  and  the  phase  lag  in  the  discharge  peak 
between  the  Western  Anatolian  rivers  and  the  Danube. 

An  alternative  hypothesis  to  explain  the  higher  Ti/Al  ratio  in  the 
May-September  period  could  be  adsorption  of  Ti  onto  sinking  organic 


matter.  This  hypothesis  is  suggested  by  the  correlations  between  the 
Corq/Al  and  the  Ti/Al,  Cu/Al ,  and  Ni/Al  ratios  during  the 
May-September  period.  However,  the  enrichment  factor  needed  for  Ti 
enrichment  by  adsorption  is  likely  to  be  too  high. 


Therefore,  the  Ti/Al  ratio  of  the  particulate  matter  in  the  western 
Black  Sea  may  represent  a  useful  tracer  for  monitoring  the  dispersal  and 
relative  importance  of  suspended  matter  from  the  Danube,  seasonally  and 
regionally,  in  Black  Sea  water.  More  time-series  data  of  the 
particulate  matter  in  the  Black  Sea  from  time-series  samples  closer  to 
the  Danube  river  mouth  would  be  useful  to  further  refine  this 
conclusion.  The  Ti/Al  ratio  as  tracer  for  the  Danube  particulates  would 
be  important  to  understand  the  dispersal  pattern  of  geochemical 
processes  in  the  Black  Sea  related  to  terrigenous  particles,  e.g.  the 
dispersal  pattern  of  particle-reactive  radionuclides  that  were  carried 
into  the  Black  Sea  by  the  Dnepr  after  the  Chernobyl  accident.  Given 
that  the  Ti/Al  ratio  in  terrigenous  matter  is  dependent  on  source  area, 
extrapolation  of  the  results  from  the  relatively  well-studied  Black  Sea 
to  the  open  ocean  could  help  to  identify  seasonal  as  well  as  long-term 
changes  in  terrigenous  source  areas  or  circulation,  and  thereby 
establish  the  Ti/Al  ratio  as  a  useful  tracer  in  oceanography  as  well  as 
pal eoceanography . 
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CONCLUS IONS  OF  THESIS  RESEARCH 


Biogenic  particles  in  the  western  Black  Sea  are  mostly  supplied  by 
coccolithophorids  of  the  species  Emiliania  huxleyi,  diatoms,  and 
silicof lagellates .  Dominant  terrigenous  particles  source  for  the 
western  Black  Sea  is  the  Danube,  although  in  the  nearshore  southwestern 
Black  Sea  terrigenous  matter  is  mostly  supplied  by  local  Anatolian 
rivers.  Seasonally,  the  influence  of  terrigenous  particles  from  the 
Danube  can  be  traced  also  in  the  southwestern  Black  Sea,  using  the  Ti/Al 
ratio.  The  Ti/Al  ratio  may  represent  a  useful  tracer  of  terrigenous 
sources  also  in  other  oceanic  environments. 

Resuspension  of  particles  from  the  shelf  is  an  important  mechanism 
for  the  transport  of  particles  to  their  final  site  of  deposition.  In 
the  southwestern  Black  Sea,  resuspension,  which  was  traced  with  the 
C  o  r  g / (CaCO  3  +S i b  t  a  g  )  ratio,  occurs  during  the  storm  season  from 
late  fall  to  spring.  Resuspension  of  coccoliths  from  the  Danube  shelf 
is  responsible  for  the  about  5  times  higher  particle  flux  in  the  central 
part  of  the  western  Black  Sea  as  compared  to  the  southwestern  Black 
Sea.  Once  removed  from  the  surface  water,  particles  settle  at  a  rate  of 
115±70  m/day.  Particles  settle  twice  as  fast  during  the  stormy  winter 
and  spring  seasons  (125  m/day)  than  during  summer  and  fall  (65  m/day). 
The  Co rg/ (CaCOs+Sib i o9 )  ratio  can  possibly  also  be  applied  to 
other  areas  in  the  Black  Sea  to  identify  resuspended  biogenic  matter  in 


the  particle  flux. 


The  particle  flux  varies  considerably  temporally,  on  _hort  time 
scales  such  as  the  biweekly  sampling  intervals,  as  well  as  on  long  time 
scales,  such  as  the  5,000  year  long  core  recora.  On  an  annual  scale, 
the  particle  flux  in  the  southwestern  Black  Sea  can  be  grouped  into 
three  phases  based  on  its  dominant  particle  supply  mechanism:  Phase  I 
( June-Oc tober )  -  coccol ithophorid  bloom,  Phase  II  (November-January )  - 
resuspension  of  particles  from  the  shelf,  and  Phase  III  ( February-May )  - 
river  input  and  bloom  of  diatoms  and  silicof  lagellates .  Over  the  last 
5,000  years  the  terrigenous  paleoflux  remained  about  constant  while  the 
carbonate  paleoflux  increased  by  a  factor  of  11  at  1,000  B.P.  due  to  the 
establishment  of  Emiliania  huxleyi,  which  increased  the  total  paleoflux 
by  a  factor  of  about  5  since  that  time.  White  laminae  in  the  basinal 
sediments  are  linked  to  the  summer  bloom  and  the  subsequent  resuspension 
period  (Phases  I  &  II).  Black  laminae  are  deposited  during  periods  of 
high  river  discharge  (Phase  III). 


FUTURE  WORK 

There  are  several  reasons  that  make  the  Black  Sea  a::  excel  i-nt 
environment  tor  unravelling  the  interrelated  biogeoehemical  p.ir.ir.et* 
that  play  an  important  roLe  in  the  deposition  of  particles  from  sour 
to  burial.  Such  reasons  include  the  confined  nature  of  the  31aui<  Sea 
basin  with  Limited  parameters  in  the  particle  supply,  as  well  as  the 
anoxic  deep  water  which  preserves  the  annual  signature  in  the  sediment 

record . 

The  Black  Sea  thereby  serves  as  a  key  to  better  understand  the 
detailed  sedimentation  in  other  oceanic  environments,  speci  fically  in 
anoxic  paleooceans  where  annual  particle  flux  patterns  may  also  have 

been  preserved.  Among  the  range  of  future  studies  that  could  be 

suggested  based  on  this  work,  some  of  the  more  important  ones  include 
the  following,  of  which  some  have  been  proposed  and  accepted  for  the 
upcoming  R/V  KNORR  cruise  to  the  Black  Sea  in  1988. 

1)  Given  the  considerable  spatial  variability  in  the  particle  flux 
in  the  Black  Sea  and  given  the  absence  of  reliable  time-series  data  on 
the  biocoenocis  and  particle  flux  for  most  of  the  Black  Sea,  a  critical 
set  of  data  is  missing  for  the  understanding  of  the  Black  Sea  as  a 

biogeochemical  unit.  Such  data  are  important,  however,  for  the  refined 
modelling  of  the  annual  sedimentation  pattern,  as  well  as  also  for 
chemical  budget  calculations  and  biological  variability  studies  in  this 
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t  t::e  Black  Sea  as  an  anoxic  environment. 


j)  The  study  of  the  paleoflux  could  be  applied  to  other  anoxic 
environments  with  Laminated  sediment  records  using  some  of  the 
techniques  explored  in  this  work.  Modern  anoxic  environments  include 
the  African  lakes  and  the  continental  slope  of  the  Arabian  Sea;  ancient 
environments  include  the  sedimentary  records  of  anoxic  paleooceans  from 
the  Cretaceous  and  the  Lower  Paleozoic. 


A)  The  Ti/Al  ratio  should  be  studied  further  in  time-series 
samples  from  the  Black  Sea  as  well  as  other  marine  environments  in  order 
to  establish  it  as  a  potential  tracer  for  terrigenous  input. 
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